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;; ...The'. w rite r  m chcs to  e g re s s -h ie  sincere  .'.gratitude‘..to
■ Prof.. d*f!, fSsrek fo r liio idee.‘guidance, and-• encouragement' d u rin g '; 
the w riting  of. tM G ,th e s is .v :' .
The w rite r  also wishes to  thank the B irectors of E l l io t t  
Process Autonation for th e ir  permission to  use th e ir  F luid Dynamics 
laboratory  fo r ftEperimental work and Hr. B.O, Q, Lewis the  head of ‘
■ t h e . labora to ry  fo r h is generous co-operation, \
■ 'F in a lly  t i c  o u*‘ ' _ ?i t  ~,rz. support .given h r the D irec to r and 
s ta f f ' o f th e  H atfie ld  rolyiechr&c- arofrrirmly ncT^owledgod. ■ " *:>•••,
v -  The .object o f th is  in v estig a tio n  m s to  compare the  . r e la tiv e  
• merits " o f  eccen tric  and segmental' on rxce  p la te s  as a flow measurement 
’.device, and to  co llec t su ffic ien t’ .experimental .data to  enable a 
national standard-.to.bo prepared#
. In-, view 'of th e  s t a t i s t i c a l  -aspect .of the work. the. experiment al 
'■ programme had to  be very e x te n s iv e .'■■Some-600■■flow' t e s ts  involving . 
over 1500 'differential, pressure readings were carried  out using • 
incompressible f lu id s , in  addition  to  beveral hundred flow  te s ta  on 
■compressible f lu id s ,.: A;mmber o f p i'to t traverses and .-friction fa c to r  
te s ts  were made t o ‘augment the d ischarge .coeffic ien t data on 
secondary in fluences, Two computer .programmes were devised .to  
■ fac ilita te  -the' processing -/and,.interpolation o f 'th e  experimental data • 
.obtained* ‘
■' ;’Baaic discharge co effic ien t values were obtained fo r  pipes o f 
. 6% Qn m d  if  in  diameter, ,Xn the  case, o f eccentric  o r i f i c e s .these,■ 
’va lu es• are . i s  gPPd: agreement 'with the  corresponding data obtained by 
■other "researchers ..(B eitler, West). ‘ Segmental 'o rif ic e s  data* on the  
o ther hand, though, close to  'Witte’ s  r e s u lts  showed on average a- 3/».- 
’ discrepancy .from Lehman* c and. n e a r ly .8$, from Beit 1 e r* s r e s u l ts ,
• fho  -effect of--pipe roughness;.and- asymmetrical ve loc ity  
.d istribu tion  on ■.'the, value' of the discharge co effic ien ts  were 
-investigated ,.and  found.to be of the  s ame order as in  the. concentric 
■' o r i f ic e  p la te s ,
• The major pai^t of: the  in v estig a tio n  (o v e r-50 pages) . d e a l s :■ 
with., the influence o f .pipe roughness on . t h e discharge co e ffic ien ts  • 
o f  segmental o r if ic e  p la te s . This’ aspect of floii.meaaureaent* although, 
recognised now as 'of considerable importance, • has not been studied 
extenslvoly p a rtly  because of. the complex experimental technique ■ .; 
required- to  produce re l ia b le  re s u l ts  .on n n ttu a liv  roughened nines,
This technique i s  discussed in  d e ta il ,  and a ■ computer' programme devised 
to  prepare ..comprehensive tab les  o f co rrection  fa c to rs , ■.
A comparison of. the  two .typos of. devices te s te d  shows .'that the  
'eccentric. ..orifice p la te s -
' 1) i s  e a s ie r  to  imnufacture (and consequently le s s  l ik e ly  
to  have laanufacturing e rro rs) |
-2) has a  more constant -discharge co effic ien t as a  function^
■ of area r a t io  (only 5a variation-compared with over.;
• ■ tG/b fo r  segmental) $
'• 3) ';... has-a more constant'd ischarge -.coefficient -as a function'
o f pipe e lse  ( le s s  than .4$ v a ria tio n  compared with '
-■3 *  4$ fo r  segmental), p a r t ic u la r ly  ’■ a t  very  .'low and 
' very Mgk area ra t io s , '
4 ) ' •' '.- providec le s s  .'effective passage fo r  so lid s in  suspension, 
where e rro rs  are lik e ly , due to accumulation o f m ateria l.
; thes©...roasons,- '.
■ re s u lt  s. J in  jipst Inmist r i  el:: app li ea tic rg  y except in  those cases whore 
;th e  s iao  :of p n rtio le o  in  suspension, or extremely' low ve lo c ity ' of .'
- f lo w ,a r c  l ik e ly  .to. cause .bail’d up c*f * r' t*c-.ial: on the  'fro n t face  of 
the'.'plate, ' ■ . -'-h".- ■'■-i a . ' 1 , a ■
'With the. a d d itio n -of ' comprehensive d a ta .from th io 'i tx r e s t ig a t lo n .i t  " 
'trf.ll; no*;?'.-he poesihlo • to  - d r a f t ' boilv a .-national' and" an in te rn a tio n a l •' 
standard  on the use o f ' eccentric  o r if ic e  plaice -for flow measure:-.out.
.. 'However, ' th e re  is ' lab yet-no-com parable confidence in  .'the-'- v a lid i ty ,; .! ' 
of.- th e  'da ta  on: ocjyientaX; o r if ic e ,p is ie a f :  -Lore work id  11 have to  .be- ...
.. completed:before a-.'re liab le  standard ,cou ld  be -drafted.': - :
■p. I t  \lz hop o i l  .above ■ a ll,; . 'th a t tide', work? i ■ i n ' add ition  - -to providing '' 
usefu l .data,' lies :thro;m :'new. l ig h t  - on - th is  '•.neglected -aor ccf-o f flow a. 
.•measurement.' .' ; : . a
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OF PRINCIPAL SYMBOLS
pipe area
area a t upstream tapping
ares of the th roat
discharge co effic ien t
pipe diameter
th roa t diameter
veloc ity  of approach fac to r
Darcy fr ic tio n :'fa c to r
d if fe re n tia l  head in inches water gauge
d if fe re n tia l  head in  inches of mercury under water
head loss in  f r ic t io n
percentage irrecoverable head loss
d if fe re n tia l  head
pipe roughness height
re la tiv e  pipe roughness
pipe length (between tappings fo r f r ic t io n a l  head) 
o r if ic e  area ra tio  
mass flow 
pressure
pressure a t upstream tapping 
pressure a t th roa t tapping 
pressure difference 
volumetric discharge 
pressure ra tio  « P2 /P1 
roughness correction  fac to r 
Reynolds number 
pipe Reynolds number 
th roat Reynolds number 
absolute temperature
absolute temperature a t  the upstream tapping 
weight flow
sp ec ific  weight of flu id  
velocity  
pipe velocity  
th roat velocity  
sp ec ifie  volume
sp ec ific  gravity  of dry gas re la tiv e  to  dry a i r  
sp ec ific  heat ra t io  
pipe f r ic t io n  fac to r (« 4f) 
kinematic v isco sity  of f lu id  
density of flu id
IKTROmTOIIOH
One of the drawbacks of the standard concentric o r if ic e  p la tes  
i s  th a t they are unsuitable for accurate flow measurement,of 
nonhomogcnous fluids* Concentric o r if ic e s  a re  normally l ia b le  to  
e rro r  i f  there  is  a  build-up of so lid  m atter on the upstream face of 
the p late?  eccen tric  and segmental o r if ic e  p la te s  have been doviscd 
to  overcome th is  d ifficu lty*
An eccentric  o r if ic e  p la te  lias i t s  o r if ic e  in te rn a lly  tan g en tia l 
to  the pipe bore (see  Fig* 1 « 1a) uhieh perm its an e a s ie r  flow of 
entrained so lid  or gaseous m atter and prevents undue accumulation,
The segmental o r if ic e  p la te  has the o r if ic e  in  the shape of a  segment 
of a c irc le  which i s  e ith e r  coincidental M th  the pipe bore or ju s t  
s l ig h tly  sm aller (see  Fig, 2 & 2a), The segmental device i s  c le a r ly  
superior in  providing an unobstructed passage fo r  entrained so lid s  or 
vapours. On the o ther hand i t  has always been thought th a t  the  
segmental o r if ic e  p la te  i s  in  other respects u n sa tis fac to ry . I t  is  
more d i f f ic u l t  to  manufacture than the eccentric  device and i t  lias 
been suggested th a t i t  i s  more se n s itiv e  to changes in  pipe tra il 
eonditions and v a ria tio n  in  the v e lo c ity  d is tr ib u tio n , i t  has a lso  
been thou g i t  that even under good standard conditions 3 uc discharge 
co e ffic ien t data has a  trido r,varia tion  over the normal area r a t io  
range. In  additions i t s  "loner constancy l im it’* ( i . e .  th e  value of 
Reynolds number a t tliich tho discharge co effic ien t ceases to have a 
constant value) occurs a t  a l i i ^ c r  Reynolds lumber than an the case 
of eccen tric  o r if ic e  p la te s .
Recently there lia s  been a sharp increase in  the demand fo r  
non-concentric o r if ic e  p la te s  fo r  noc in  industry . Despite t h i s ,
• in d u s tr ia l  ico^’anies engaged in  the i rmufaeture o f .flowmeters have A ' 
l i t t l e  inform ation on e ith e r  eccen tric  ■ o r  segmental o r if ic e  p la t os
■ or .th e ir ;  merit s :.and' drawbacks' re la tiv e  .to '.each other, Yet, as i s
■ frequently  the case with in d u s tr ia l companies* they were not unduly. .. 
worried by th is  lack  of information and i t  was fo r  the p ro tec tio n  o f 
the u se r ra th e r  than in  response to  a request fron the m am faciuror 
th a t B ritish  StaM ards In s t i tu t io n  decided to  tabs rh© .m atter up,
l a  the autumn of 1966 the w rite r  was asked by a  Committee
on-fla?, measurement in  closed conduits? to  in v estig a te  the  p o s s ib i l i ty  
of. ©teatoM sing-.oegsientel and ©oc©ntme. o' xfioe .p lates. . Early;-.in' - 
1967s he submitted a k r i c f  r e p o r t ;on-h is::in v es tig a tio n s in  which i t  v 
was suggested there  was not s u f f ic ie n t 'ro l ia b lo  in fo m atio n  to  ju s t i f y ,  
the preparation  of -a -Standard*:; I t  t?as fo r th is  reason-.that the w rite r  
decided to choose eccentric and segmental o r if ic e  p la te s  as a sub jec t 
f o r ,liis -..research,.
At an In terna tional Standards Organisation mooting in  P a ris  in  
Aprils 1967, an In tc rn a tio m l Vvorldng Croup (number 11) -was s e t  up and. 
charged T/ith the preparation of an In terna tional Standard on ,eccen tric  
and scgmmtal o r if ic e  p la te s , Yho w rite r  .was appointed a  ,U,E, delegate  
to th is  working.group* ■ hot su rp ris in g ly  th is  group arrived  a t  tho  
some conclusion th a t the w rite r  had reached a few months prev iously  
and a t a  plenary meeting of the In te rn a tio n a l Standards-O rganisation 
in  ITot-r for]: in  Juno 1968, tho working group was disbanded.
Xelow i s  an ex trac t from the:report; on :the,raeotings*;,, 
ISO/JCSo/l-iS 11, * June 18th 1968, Hetr Tork. -:
"A fter a careful consideration of the proposals ' submitted 
by Germany and the U.S.A., the' Working Group concluded 
th a t fo r the precc t  time the in te rn a tio n a l standard isa tion  
of eccentric  and oegaental: o rifices ; was n o t- ju s tif ie d ,.. I t  , '
; .requests TO 30 to  disband the \ o rk irg  Group a t t h i s  time,.. ;
However, i t  suggests th a t TC 30 in  rtudjdng i t s  a c t iv i t ie s  
,. in  the., fu tu re ,' consider -these' devices i n  th e ' l ig h t  of -.
■ fu r th e r  developments#0 ; /FyY:‘r.;b.Y Y-
The; main, 'reason ■ fo r -tho fa ilu re  of-.various ■ Committees ' to produce ... 
a  v iab le  standard was not so much due to the absence of any in fo rm ation . 
as to the lade of consistent da ta , v Several ....papers' have been w ritten , on: 
the subject (sec  bibliography), hut-no single;..work was comprehensive.
At .the Brno time, i t  M s been d i f f ic u l t  to co rre la te  the inform ation 
from/these;; papers sine© the -conditione:-tmder .tiiich.'the various, s e ts  o f 
te s ts  were carried  out, were 'qu ite  'different',--.;-' In  add ition , v i r tu a l ly  no 
inform ation -exists on .the- performance of segmental and eccen tric  Y. Y - - . ,  g- 
o r if ic e s  under actual in d u s tr ia l conditions ( e, g. in  rough. pipes and .in ' 
c lose proiam ity to  bends, e tc . ) ,  I t  i s  hoped th a t til ls  work w ill  provide 
the basic and spec ia lised  inform ation required -for the preparation  of 
; M tional' and" In ternational- Standards,' •
' 4? In te rn a tio n a l Standards Organisation 
■ - /Technical - Committee ^ /¥ o r ld % ; Group 11
SECTION I  -  THEORY

M a n  m k m m m m  t h e o r y  ( c l o s e d  c o i d u i t )  ~
, A ll flow m eters'fcdl b asica lly  in to  two categories
’■ \C 1.) ’' P ositive  Displacement#- 'A 
(2) Inferential*..-, ■ • Y ,;"PY Y ■ Y;; .
■;Y -T hese.'ere fu rther divided in to  innumerable sub-categories ., 
and although i t  is  out side the  scope of th is  work- to l i s t  a l l  
tho typos of flowmeters i t  i s  worth noting tho d iffe re n t p rin c ip le s  
.employed in  the science of.,flow-'measurement, e ,g . p le a su re - '’"'-' 
d ifference , electro-m agnetic, eccoustic , gyroscopic, thermal,
'"Optical and. chemical, .
Of the many p r in c ip le s , employed, the one of generating a 
pressure difference i s  tho most common in  industry  today, accounting 
: fo r '--nearly. 95" of a l l  app lications • ' ' .Both segmental :■ and: eccen tric  . 
-.o rifice p lates: along' with ■ the 'concentric o r if ic e  v la to s  operate oh 
the pressure difference p rincip le  (which belongs to the in fe re n tia l  
category)* This p rin c ip le  has been derived from the lAtler-Bernculli- 
and con tinu ity  o f flow equations.
The Saler~B ernoulli Equation:
'Referring to  Fig. 1, AB; 
--and.'..CD arc two.sections 
^through a  stream of f lu id  
■'separated by.'a 'email;. . 
d istance Sb» At section  AB 
tiie area a9 pressure p, 
v e lo c ity  v ana the height E 
above datum s. At sec tion  CD 
tho corresponding values are 
a  *  <f a ? p +. (Tp 9 v 4- <T v and b A T O M  L £ V a  L
■a 4- e s . F I A
■ There is  a change of momentum per second: between the- two sections, 
By Ivc?rton*s second law the' ra te  of change' o f momentum i s  proportional : 
to  the r e s u l ta n t .of the  .forces a c tin g .c n '-the f lu id  which a re :- . , 
t )  Force vdue ' to  p acting  in  ..direction o f Motion pa _
2) Force due to  p- 4-S'p opposing motion « .(p .> <Tp) {a *f<Ta)
, ;3 ) /  Force due to  the pressure f  on the  s ides o f the element'which 
E has a resu ltan t in  the d irec tio n  of motion = f  f  a.
4) ■ The weight'which'has; a component-opposing motion «;WcosO v
R esu ltan t: force in  .d irection  of motion 
s= pa -  (p 4- S p)(a' -f <Ta) 4 f f a  ** Wcos0-
Tho value o f f  must vary from p at AB to  p +Sp a t BO and can 
bo. taken as p + k^p, trhero k is  a frac tio n .
: / ^ - v o l u m e  o f 'elemoi±ck k . ,
«= t-r (a  + Sjz) Sc
COS -6  s: £ g
I s
- Force in  d irec tio n  of motion .
«= - p i a  «* a ip  -  <fp :c <Ta *  u<5& + kSp z  S'a «- \?(a -r cTa) Sh
" ^  : ■ v a ’-v: 2  ■ <§s
~ -  vafc (neglecting  products of small q u an titie s)
Bate of change of momentum of f lu id
c= m ss/so e  2  change of v e lo c ity  ~ Tra¥ ^vTy
£
Bate o f charge of momentum « applied force 
Sv ~ -  &£o -  trafis
z i k  4. 0
c  ' w
This i s  one form of £uler*c equation of motion ( fo r  f r ic t lo n lo s s  
f lu id  .and under conditions of a s tead y flo w ). Integrating ';along .tie
'stream, -. A1 '.A
■ 2 ■ : - ■' -c + L  + p. -  Constant
2g u
or -between any two po in ts ,
rT  * h i  * v i 2 ~ s2 + P2  + v/» « — ii'i‘ • ■ tTWriwit ^
; ^  2£ ' U 2g
th is  i s  B ernou lli's  conation fo r incom pressible flow.
£ s  + z &  + m  A  o
. g  ■■ v  ■ ■ '■ ; V'' V. . .
',.In tb g ra tin g :alon^* uhe stream •■>.'■■■■■■
C *i ■ ■■■>:-:■ -■ '•!- . ..V’ • q ;,-
44 gX +\ ■; \ --2.: " *=.' '• constant . . . ■
Tho t o n  ( M  cosmot be in teg ra ted  u n t i l  the r e la tio n
v/'Ak :■■, ; ' J  V \ - ■ ■:-•■■■■'. ■"■ V ■-■. .A..:. -
between p and w i s  Imam*
2hic re la tio n sh ip  w ill depend on.whether.-we assume isotherm al or 
ad iabatic  conditions* For tho purpose of th is  work we need only 
-consider the ad iabatic  conditions, ..
fc^ ad iabatic  conditions pV . ■ e 3r ss constant
. _ 1  /p V a t
• • t; “  v
su b s titu tin g  in  B ern o u lli's  equation
r* v2 .  V* r - w
. ’ : k  :.:j.;p dp; constant
s 4- v " “h k |  ^ const ant
. since k rr pV  ^ ,■■■', •*' ;
3 + i i f + (* s r )pV = oonDtEnt
fo r  any 2 poin ts on a stream line, and. ignoring the p o ten tia l energy
term z, vc have,
( * - 7 ^ 2  V2 -  V  = I l l l l g !
’ 2cr
■ Discharge equation 'for. pressure d iffe re n c e ;h o rn e te rs  
(incbapressifele' flu ids)*  j.'7  
From B ernoulli’s equation
'P~■;-2if
y ' i '  p * I smrijfOTnW f?f » t f  . _  4U « u «
2g  ' “ 1 : W _  2 g
p
1
—
( ^\  - \  A *» ^ 7 ;\  /  /V'
X i !
L ^ —c.
/)
* /
\
? * .
t? c»** . .Vg ^ j ^ £ a V I r / ~ I i
,/w ' 2g ■ ' 2g
ORIFICE PLATE
from con tinu ity  equation
A1V1 ~ A2V2
?  2 / 7Y /' e  r*2I Y/ I . wewfc -
YEFTURX IiSSf ER
2 7.ts, -  b2) ■+ ,(p1 -  p2)
( ~ 7 ~ ~ T  ,2g  2g  .(.A.
7«»*#«*
. 2g
2  7  / o 2 "  1 *»/ 2
L ii
V , ( s . s j
Vl » j 2g
w —
V.
t - / i a v2
A.
Theoretical Discharge as
0 ' — A
aU 2
) ■+ (£ L L 2 s )  I
( V ) J
In se rtin g  a co effic ien t o f discharge to allow fo r  f r ic t io n  and
'imperfect conversion of energy,
Actual Discharge Q : « :Q^
a , c aA2 . ■2ft i E1 "  SP  * ( ' v  )■
p u ttin g  -  z2  ~ 0 ^o r horizontal in s ta l la t io n s ,
** P2 = p — prccsuro: d ifference 1)etween 
pipe and th roat ■
end ~l2 s  E s  a rsa  ra t io
then P. ■=:: V ‘2 N/2S P/ ' f 
\ j u n ?'
Volumetric. discharge equation:
M L .Cd'l2 \  (p i t t in g  PA'I = h )
whore K is. the d if fe re n t ia l  licad of liq u id  flowing through the meter,
For m ss  o r weight flow.
7  t-Kl : = caA2
where.. E ( i  -  n**)' s= v e lo c ity  of approach fac to r. 
In  B ritish  u n its  end fo r p ipe ‘flow,
U w 5.600 s: d \J& ? /62.4 £ w
4 ^  ^  i/:  i l  * \  /  * W  HnuJiUii <mw*l II W hw*w»*»t<w;i^ iHfa,o» .>v I \ I
If.>  : 559.2 Cd d* B
where' 'discharge in  Ihf/hr. .
;.'.7V d ■.«■■ Throat diaoeter-.-iii' inches V
v  rn sp e c ific  waigait o f flowing f lu id  in  V o t/t’c5
.hf''»  D ifferen tia l head in  inches water gauge
DISCHARGE I?|jATI02; FOR PRESSURE DIFFERENCE FLOtCTJE&S^vFOE CpMPRBSSIBIiB.. 
FLUIDS,
For leant ropic Flow,
t -  i ^Pivi “  v ? y ? )  = la .
t a t  PlY *  = P2v /
v2 = / V \  1//^  ?1
J>2.
P2V2 e  r2 1 1
1/jT
V,
«  Vp2 V1
P1
p1 V   ^ 71
P1
(1
.*• p *  -  p , / ! 2  *
VM/
or p u ttin g  p2
For continuity o f flow,
V i  .  V s
.  .  V,
A- V.
2 i 1 V2
V1
but l i  e  ?2
2 -1 
2 / f g 'M.! «*'—nil
1 /V  1 /V
v,
h )
o
T  '  V
s u b s tl tu t i i^  from ego* (2) and (3) in
■ v . . ■ ■ 2 ■ /a
pt Vt ** V1T
' f c .
2
Ilase discharged per second =* !•!
C & v
,hp K
A;or pu ttin g  a > .  area, ratio
■ A  ^  ;
t ~  r , ( ) / * ) )  i:
: -V.
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Equations ( 4 ) ,  ( 5) ,  (6) and (7 ) a rc  tho basic equations fo r  
gas flows, I t  i s  however more convenient to  express naoo flow in  
terms o f  presoure, difference? A p  mid ex p an sib ility  fac to r
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Eqm iiors (9 ) a n d (to )  arc  id en tica l v i th  equations ( l )  {2)
in  2, S. 1042 -  1964 P art I  (pp. 16 and 19)
» expansib ility  fac to r  (noii~&imenaioml)
. ■ .. B;=3 . ve loc ity . o f -i^proac’i fa c to r  ( nbn-ddncnsioral)
^ «s. d iscH ar^o .cocffie ia it (n o n ^ isan s io m l)
'd : ' P :
"A/common in d u s tr ia l  u n it fo r  gas flora measurement i s  tho standard 
cubic foo t (SCF)* ■ ■
This is 'd e f in e d  as a  cubic foot, o f tho gas a t a tenper&turo o f  60°P 
under an absolute pressure o f  30 in . o f mercury end caturatod u i th  u a te r  
vapour* .
.. The. uoiglit o f gas such a standard cu b ic 'fo o t contains i s  determined 
;as/follows:**
The sp ec ific  troifht o f  dry a i r  a t  30:-Ain. Hg absolute ' (14.70 I b f / s d . in  
absolute) and 60°F i s  0.0764 l b f / f t J* The sp e c if ic  g rav ity  of the dry gas
C^ AgE (2g ^  Av)
Height o f gas fleeing/sec* ( in f /se c )'VHOQtO'-V
» sp ec ific  weight of gas a t  upstream tapping in
Ag ts / th roat a re  . i n . sq. ft* ■/
re la tiv e  to  day a i r  i s  & and the ,p a r t ia l  pressure of the gas in  the 
.mixture of gas and na te r vapour {sa tu ra ied  gas) is* :
(14.70 -  0.2563) lb f /in o 2 
Consequently* the  .ve it *t of &xy gas ii^bn© ;SCF;' l s #
*=■ 0.0764 f s
14.70
r= 0.07507 6  Ibf .
Talcing. equation {11) and converting to  8CF
Q « (2 g v ^ ^ p ) a x o7oT507"5 -~ © q .(l2 )
nhero Q„ *= flo v  ra te  in  SCP/sec.s
Hot? t?^  may ho conveniently dotormined using  the id ea l gas Im?Si
W1 ~ 0.0764 j 4#yo r  : 2
su b s titu tin g  fo r  W| in  equation (12)
i
q =  c j i i  (eg )- ( a #  . 1 ;■ w e
B a * $ T7  0.075071
p u ttin g  A  P ~ 
whore h » pressure d ifference  in  in s  u .g .( a i  60°P)
; t & e r © / w  >:flow .ra te  in;SOIv^i0ur;-
4 V:>= th ro a t .d ianetor in  o q .in  
& ts s .g , of dry gas re la tiv e  to  dsy a i r
^  ■ .
*m <% I r ; abs pressure and abs temperature ■ o f gas a t  /Upstream. tapping -1
. v -■•■Vvr-'"'v-1 ■'. : ■  ■:.: V . A h . y . ' V ' v  :
The expansib ility  fa c to r  i s  given by the theore tical.' equation 9, 
and the equation i s  v a lid  fo r n o ss lc s ,. nosclc vonturic and conical v en tu ris .
The th eo re tic a l values obtained iron  equation 9 arc  net however 
applicable to 'o r if ic e 'p la te s *  , :'Hot only does tho c ro ss-so c tio rn l area  of 
the.H otdng  j;et ^differ from th a t ' o f .the o r if ic e  ,(ao ilwfc th e  a rea  ratio .. '-' 
to  bo in se rted  in  equation 9 is  not read ily  found) but a lso  tho flowing 
j e t  can expand la te r a l ly  trith in  tho o r if ic e , thorcas the deriva tion  of 
-equation. 2 assumes th a t  tho expansion i s  so le ly  lo n g itud ina l. Hence, fo r  . 
o r if ic e 'p lo to o  em pirical values of the. exj>ansibility fac to r  a rc  g iv en 'in  
th e  B ritish  Standard*
For a l l  types o f device, including o r if ic e  p la te s , the e x p an s ib ility  
fa c to r  .varies- ;nith -.the . area r a t io  m, th e ,sp e c if ic  heat r a t i o ' 'a n d  the ■ 
pressure' r a t io  . v
SECTION IB -  SEGHEKTAL ORIFICE PLATES EOUATIOHS
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SEOflOH XI -  APPARATUS
.APPARATUS
The mein object of th is  in v estig a tio n  has been to assess the  
performance of eccentric and oegnentol o r if ic e  p la te s  under 
standard and non-standard in s ta l la t io n  conditions* For th is  
reason the equipment used was th a t  associated u ith  tho measurement 
of flow end ve lo c ity  o f water and a i r .
The:apparatus can be grouped conveniently in to  tiro categories
; ‘ ( i )  o rifice  H u n i  .
(a) Eccentric
(b) Segmental; . ..
( i i )  LABOMTOIIT EPPP ~ T
(a) h a te r Plant
(b) Air Plant
SECTIO!? I I  A -  SPECIFICATI02T OF TEST ORIFICE PLATES
H° : A 
. IKS
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RATIO
■' m
HATERIAL
UPSTREAM
FACE
FINISH
IKS.
1 6 8^1 6 3.008 1/8 1.496 0.2513 BRASS 30x10~6
2 6 8^1 6 3.553 1/ a 1;223 0.3507 . BRASS 30x10"6
3 6 8^16 4.123 ) s 0.938 0.4711 MASS 30x10~u
4 6 8^16 4*606 ^8 0.697 0.5893 BRASS ' . 30x10~6
5 6 8? 16 5.001 1/8 0.500 0.6947 ST; STEEL 20x10~6
6 8 97/l6 4.010 1/8 1.995 0.2513 BRASS 30x10*"6
7 8 9^16 5.002 1/8 1.499 0.3909 BRASS 30x10"*6
8 ; 8 97/ l6 6; 002 1/8 0.999 0.5629 BRASS 30x10~6
9 ■ '■■::8; 9^16 6*703 1/8 0.766 0.7020 BRASS 30x10"6
10 12 14 7.394 5/16 3.319 0.3797 ST. STEEL 30x10~6
11 12 14  ; 5.362 ^16 2.303 0.1997 ST. STEEL, 30x1 0~6
12 12 14 9.449 5/is 1.275 0.6200 ST; STEEL 30x10*^
-  # 91P 12 14 11.120 5/16 0.440 0,8587 ST.: STEEL. 30x10 ^
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The operation of the Fluid Dynamics Laboratory is  best described 
with reference to  Figs 7 and 8 which show the diagrammatic layout and 
e levation  of the Laboratory. The key to  Pig 7 gives d e ta ils  of the 
relevan t fac ts  concerning the capacity of the three te s t, p lan ts . The 
measuring tanks a re  ca lib ra ted  against the weighed volume of water 
using a p rec ision  w e ir in g  machine* The water i t s e l f  i s  continuously 
f i l te r e d  and reg u la rly  changed.
Water Plant
The water p lan t operates on a rec ircu la tin g  constant head principle*
There are  four pumps with d iffe ren t outputs which a re  used s ing ly  or in
a: combination to  de liver water from a basement sump to an overhead tank. 
The water i s  then fed , by gravity* frota the overhead tank to  any of the 
closed conduit systems with any surplus water being discharged through 
a variab le  weir back in to  the sump. The ra te  of flow through the te s t  
sections i s  se t by remotely operated control valves in s ta l le d  a t / th e  
downstream end o f each te s t  l in e . Remote 'control iso la tin g  valves are  
also  s itu a ted  a t the,upstream end of each te s t  l in e . After passing 
through the te s t  section , the water flows up through a swan-neck sec tio n  
in to  a flow d iv e rte r  which d iv erts  i t  e ith e r  in to  the measuring tanks o r
back in to  the sump. A microswitch is  attached to  the flow d iv e r te r  and
i t  autom atically s ta r t s  and stops the e lec tro n ic  tim er.
Tho a ir  i s  supplied by a cen trifugal fan with a capacity of up 
to  t50fODD standard ft*  'Y h o u r.D u c tin g  end 'p iping -are arranged both' 
on tho suction and discharge side of the fan* The a i r  flow i s  
measured'-by a  se t o f m o to r o r if ic e  p lates, previously ca lib ra ted  on 
the water plant* The p rin c ip le  of dynamic s im ila r ity  i s  u t i l i s e d  so 
th a t tho co effic ien ts  of discharge of the master o r if ic e  p la te s  arc 
considered to bo the same in  water or in  a i r  a t  the sane Reynolds 
number* The flow can then be calcu lated  i f  a su itab le  co rrection  i s  
made fo r exp an sib ility  of a i r  due to  pressure reduction in  the th ro a t 
of the o r if ic e  plate* The instrumcn t  panel contains gauges fo r the 
measurement of s t a t i c  pressure, temperature .aid d if fe re n tia l  pressure* 
P recis ion  ..manometers -.are used fo r measurement o f low d if fe re n t ia l  ■ ■
: .M im a s ' t o • •fesfeb  ;;i.
■ COFSTAZB1 BB -il) TAj -!v ■* capacity  'Gj:500 gallons.
55ft -  v e r tic a l e levation  above te s t  linos*
12° B ia: pumping supply to  the  lie ad tank*
8rj Bia pumping supply to  the head tank.
; -t2n I>ia overflow pipe fron  lead tank.;-,." v . -
' ; s f e  - .  capacity  16,000 . t a l l o n r •
:2 HMSUEIKO TAPES for. medium systen each 5 ft 
' ■Internal, diameter and 9 f t  high* 1rG00 gallons
-• capacity*;,.; '.'''Iv. ■;< v'-r
‘ medium System, "/
/SERGE TAKE -  medium .system*-
; tm pfwm  . Mm :%MXE oomioh F/CTb*~ Manometer .
■'range .0—' 1400, m  mercury under water,;.-or mater . ' 
under a i r .  : Talve control -  pneumatic* pressure
■ range 3 ( cl osed to open),;'-F ail safe  , 
provision' ( always to  c lo se). '
’ 12° .Bia. feed main to  te s t  l in e s . ■
TEST LIFE -  medium, sys tern, accomodating pipes up ■ 
to  10n diameter. ; Maximum availab le  s tra ig h t leng th  
6 0 f t . , maximum flow *rto  -  750*000 Ibf/hr. of cold 
■■water.
.TEST I»HE la rg e , sytiiem* - aecoirraodating-pipeo up ’• 
to  3 0 n’ diameter. I-'Ierirrum availab le  s tra ig h t leng th  
: 90ft* m sisa c  flo w 'ra te  -  2*800*000 Ib f /h r , of cold
V- •water*.' • V: -
0. TXHHR Hil'EL -  Toot Timor* m illisecond stop-elock
. . td th '::cr37stal-;.oscillator*.. . .digit ,  display* . Made
"; by VSttJJRB '■*». :;type 7SA':33H. f n ' ' ■ ' v '
S 2 EEASinilEG'.'TAilKS ' •* - fo r  la rg e  system each 7 f6H
;.ihterim l d iam ete r/ 11 *'6<r ,'high, capacity  ;5»0b0-:.gallons#'
TATjYBS - 8 n and 12” diameter pneum^ i,a.e ilH j. operated ;M ttar,f l y : 
valves (both .control >a»i I so la ta n g )* / 'Made b y ,E ll io tt  
:. ‘continental valve '.division,/R ochester,, . -
■ .-. . : ■ ■.;. - ./ ■ " • : / v-,
im: to 
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. ■ probe d isaste r. 5 tm* ■ ■
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;. ; 1:*0 0 .# '. Probe-'- n .d isa s te rs ..
4 no *• fo r  f re e  stream
1 m  -  fo r  bcuMary lay e r '
EftH ** Centrii^al-- air vnode. iby 0, Davidson & Co*-* • float-'
' fiow ;rate' 1 5 6 ,0 0 0 .B*e,f*&*-:at 4 0 : -X' .d7’? :
SECTION I I I  f*.: EXPEH1KSETS
smic® m a ~ • basic oomncm®
BASIC QOEPFlCmrt: w:
Tho basic or standard discharge' co effic ien t canbo defined, fo r 
tho purpose of th is  work, as the co effic ien t obtained under standard 
conditions of in s ta l la t io n . By th is  i s  meant th a t the o r if ic e  p la te  
i s  in s ta l le d  in  a smooth pipe ( /K  >  5,000) and adequate s tra ig h t 
lengths both upstream and downstream of the device. The upstream 
pipe*.m o t bo long-enough fo r the v e lo c ity  p ro f ile , following various 
f i t t in g s  (bends, valves, reducers, e tc .) ,  to  be of the same proportions 
as i t  would have been without the in te rp o s itio n  of the f i t t i n g .  The 
exact .length of s tra ig h t pipe required depends on the  type of f i t t i n g  
preceding the metering dcvico and the area r a t io  o f tho o r i f ic e .  I t  
is  u sua lly  given in  tom s of the pipe diameter B. The length  of 
s tra ig h t pipe required on the downstream side depends again on the  
type of tho f i t t i n g  which follows the device and tho o r if ic e  area 
ra t io ,  but the  c r ite r io n  i s  that tho v e lo c ity  p ro file  and pressure 
d is tr ib u tio n  immediately a f te r  the o r if ic e  should not bo a ffec ted  by 
the in se r tio n 'o f  the f i t t i n g  in  the p ipeline .
Vith reference to  the  d irec tio n  of flow tho upstream .section 
i s - th a t  preceding the flowmeter.
FBolow;i s :actab le .ehbtfing tho- y eq u ir^ o n ts  of xtpoivmm s 
r^'for-x.the/iaos't :eonmon' T it tings and; ■different - o r if ic e  - area 
.tablo;:"iSi:basetV'.ojiC?*-.1042-' -  :1964^~-:f -' ^P-ppP.-,
t m m  m itim  o f  ; p ip h  x jpbxeeak ■ o f  - d e v is e
c r j r i c :  p p ; . .
p'> ; xP,p-ii\: ..
P;',\ ;CP '
,  ip rin ro
0*1 0*3 0*5 0*7
T.S3T •ARliallGSPENT V , ;,h. , .hh> -
The o r if ic e  p la te s  were in s ta lle d  in  the laboratory  main , P 
. 12n : diameter p ipeline , with adequate upstream and downstream s tra ig h t' 
pipe lengths* D etails of to s t  arrangement a re  shown in  drawing Do*1 (
The te s t  sec tions, i . e .  the pipes immediately preceding' a id  
following the o r if ic e  p la te  were sp e c ia lly  mamifactured ;to a high 
degree,of,accuracy*- . . ■
\  The pipe bore was constant over the whole length  of the sec tio n  
(3 metres) and there  was v ir tu a lly  no o v c lity  i n : any p a rtic u la r  -plane, 
To c rea te  a p e rfe c tly  smooth surface the pipe was lith c o a ted . This i s  
'a process whereby the in te rn a l surface of the pipe io  c en irifu g a lly  
sprayed w ith a chemical substance, giving a th in , even, la c q u e r- lik e , 
f in ish , Although. the f r ic t io n  fac to r of a lith co a ted  pipe increases 
with time the change.is very slow and even a f te r  a few years the 
pipe i s  s t i l l  smooth to the eye compared with tho cratered  appearance 
. o f ■ an tm treat ed ' surface.
The .flange; of the, upstream te s t  section  was recessed and the 
o r if ic e  p la te  mounted in  i t .  Tho diameter,.of. the recess was only ;. 
0*004” la rg e r  than the outside diameter of the p la te  in  order to 
minimise the rad ia l freedom of movement. A c lo s e - f i tt in g  dowelling 
p in  was used to  prevent the o r if ic e  fror.i ro ta tin g  in side  tho recess .
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Single, corner prossiire tappings were used fo r a l l  t e s ts ,  the
>■' *2Z ■
break-through, holes being /p 2 n diameter and *~n long. 4-n bo re ; rubber 
tubing was used to connect the mppings to  the manometer.
Tim types of d if fe re n tia l  manometers were used in  these te s ts :
A mereury-under-  water U-tube '.and-'a water-under-eonpressed a i r  inverted  
U-tube. Both manometers -had a..range of 150 eras, w ith 1500 sub-division 
of 0*1 em each* iThe cursors incorporated a vern ier scale  which allowed 
readings to  be taken doam to 0*01 :cm* The Esnonetric cursors were 
f i t t e d  u ith  a m irror in  order to  avoid e rro rs due to the p a ra !lo r 
phenomenon..-.,
; TBAT PROPriKJRB . ■ ' ’ ' /  /
A selected o r if ic e  p la te  was mounted in  tho main lin o  and 
connected to the manometer. The pipe lino  -and manometer - were vented -; 
and the  manometer scroed. Tho required flo irrato  was se t tip by 
opening th e  downstream control 'valve,, the - w aterflow ing  in to : the 
■ sump. The hot tom, reading’ on the ■measuring tank was noted. The 
water was ’ then diverted  -into the - measuring -tanks, simultaneously 
tr ip p i tg  a microswitch which s ta r te d  the e lec tron ic  stopclock.
While the te s t  was in  progress rmiometric, readings ■were tclcen of 
• pressure difference across the o r if ic e . The water was then d iverted  
back in to  the sump again tripp ing  the microswitch-and stopping thb 
tim er. The top reading on .the measuring t  anlcs, the time and the,
.’water temperature were a l l  recorded. "The.tanks-were then drained 
and-a d iffe ren t flow ratc se t up fo r the. nest to s t .
Tho procedure vac then repeated u n t i l  the requiredReynold" 
number range vao covered. A ll te s ts  were nude under constru * he
A ltogether 25 eccentric  and segmental o r if ic e  p la te s  wore ' 
te s ted  in  6*’, 0 !? and 12U diameter pipes over an area r a t io  range 
of ra ~ 0*15-0*7 and Reynolds lumber range 50,000-800,000.
£es? n r m s s  M m :C M m hm om
Ihe t o s t ' re s u lts  and calcu lations a rc  shown in  tab les  31 ~ 68 
'and' graphs-8 29* . ’
;I?IS COSMIC I? '0? ItKSuhTS ' ■. ■
" In  order to ' develop confidence in  the use of: eccen tric  and ■ 
sega'eaisl o r if ic e  p la te s  i t  is. necessary . to  analyse and' to  understand^ 
the" d ifference  in  the basic ..nochani.es o f f lu id  flow between concentric 
and'.non«*concce.trie' primary flowmeters* . .The use of' the  -discharge. - 
c o effic le n t t in  f  low measurement * e o n s titu t ©s' a  comrenient • method 
of. bridging the t between the-actual' discharge and. that-'p redicted  
on th eo re tica l considerations*,
. Tot the  y e ry -convenience and sim p lic ity  of th i s  approach has 
i t s  dangers in  th a t i t  may lead an inexperienced observer to  conclude. 
■that th e  discharge co effic ien t i s  a  measure o f e ffic iency  of the  
derice* Such an assumption i s  of course fa !  sof as the co e ffic ien t . 
i s  not a tru e  ind ication  of the energy lo ss  incurred through the  
in te rp o s itio n  - of. the flowmeter* A simple experiment, u s in g  two. 
d iffe ren t .tappings with the same o r if ic e  (e*g* D & I),/2 and corner., 
tappings)- id .ll show th a t  d iffe ren t discharge c o e ff ic ien ts  w ill be:- • 
associated  with the  d iffe ren t tappings fo r the .sane ra te  o f flow#
Yet", the  irrecoverab le  pressure lo ss  i s  c le a rly  unaffected by the 
.typo' of .'tapping' .used to  evaluate th e  discharge co e ffic ien t.
Thus-two d iffe ren t co effic ien t values are  associated  with
the sane e ffic iency  and one of them (and probably both of then) 
are not, a time measure o f effic iency .
At th is  point i t  should be noted th a t although i t  i s  the 
discharge co effic ien t values which a re  used for' the co d ifica tion  
c f the performance of o r if ic e  pld1 cs, i t  is  the fac t merely a 
convenient form c f ' record ing . the head-flow re la tio n sh ip . D ifferent 
coeffic ien t values a t th e  same flow rate ind ica te  d iffe ren t values 
of pressure d iffe rence ; across .an o rifice .-,
Thus a blanket value of discharge coeffic ien tm asks a  'number 
of indiv idual fac to rs , nuch /as: .-...effect "of;■ f r i c t io n j '■ imperfect 
energy com^oroicnj: 'con traction .in ' area of flow, ,asymmetry o f . ;.: 
v e lo c ity  p ro file  (whether:duo to  pipe roughness or bends, valves 
and other f i t t in g s ) ,  pipe s in e , a re a .r a t io #:''e c ce n tric ity  o f o r i f ic e  
^location and sine-,of tappings, e tc ..
v.-:;A:';.';-.V'ariations‘'-in .pressure d ifference could in ' fact'occur.-: due to' 
a change in  pressure a t «he 'upstream tapping or."at; .'the' downstream 
tapping (o r a t both sim ultaneously),
The pres more value a t the doimstream tapping depends on a 
number cf fac to rs , the  most important of which a re :  the  degree
of contraction of the flow area and the ax ia l p osition  of the 
tapping in  re la tio n  t o ’.the .vena contracta.
■ ■'■'/The loca tion  of the upstream tapping, i s  perhaps le s s  .c r i t ic a l  -; 
but-'variations- in  pressure' occur duo to  a build ;up, of impact '
• pressure -immc&iat ely  .--upst ream '".of the o r if ic e  place. '
I t  can be soon from graph ho. 27 that the discharge coefficient', 
of .eccent r i c  .o r if ic e s  i s  generally  higher and th a t  of the' soasientol 
.ones-generally lower than that of concontric o r if ic o s p la te s , h
1 .  Sccontri.c o r if ic e  p la te s :
who coeffic ien t of-discharge i s  higher by about compared 
with concentric.-plates. ' This i s  due to .th e  increase in  ;the value 
.a 'of., contraction  co effic ien t, since the. o r if ic e  i s  in te rn a lly  
'- .tangential to  the pipe diameter. This--increase is; of the order :
. of i-ts- but i t s  e ffec t i s  o ffse t by .
(a) .-the'radial .displacement' of the o r if ic e  je t .  
and .(b) .' by a "sligh t increase in . impact: pressure-
■ both.phGnonem tending to  increase the " 'd ifferen tia l ■ pressure 
. and.;rccIuco the value of discharge coeffic ien t the n e tt  -Increase - 
thus be ing ,. ac stated, -at :the boginniny? o f-the  'order of y t
•2.-.,: Segmental -o rific e -p la te s :—.
In  c o n tra s t ' to  the  eccentric p la tes  those have a lower 
discharge -coeffic ien t than concentric devices. The meclmrn.es 
..and Idnematics of . flow a rc  .far more .complex'.than - in  eccen tric  
p la te s  and the. conclusion consequently le s s  certa in .
.The p a tte rn  of: contraction ' In  - segmental i s  qu ite  d iffe re n t 
.from., t i n t  in  concentric plates* The contraction occurs' exclusively 
along- the chord of tho o r i f ic e s the arc  of"the o r if ic e  being 
coincident with the pipe diameter. Tho ra tio  of contraction 
co effic ien ts  fo r segsentol and concentric o rif ic e s ' v a rie s  . 
considerably with area ra tio ,, do th a t 'th ree  d iffe ren t c a s e s ; should ' 
be considered* .
(a) •Small area ra tio s :- .
Contraction occurs along the chord the length of which.-'is''much 
: sho rte r than th a t  o f  the. concentric o r i f i c e  e i r c u s ferciice, 
and a.lthounh the  angle at which the stream lines approach tho 
th roat in  a o rien ta ls  i s  steeper, . t ho net e f fe c t  ' i s  such th a t 
the. 0X000-00011011111 area of ’the contracted  f lu id ,  j e t  " is  larger*  . 
This "would tend to  give lower d iffe ren t  i a l  'p ressu re  and • higher h- 
co-officiont. The would be decrease i n 'd i f f e r e n t i a l  pressure 
le  however o f fs e t  by g re a te r  inpact pressure and tho rad ia l . 
disilacQnonf of .the' f lu id ,  j e t  ( r e l a t i v e  to  dovnstrean tapp ing), 
both of -which tend to  increase  the d i f f e r e n t i a l  pressure.-’ The 
; o v e ra l l  -effect is  such th a t  there  i s  v ir tu £.1 l y  no d if fe ren ce  in  ; 
th e  values of the-discharge coeffic ien t*
(b)-Tedium area ra tion
Contraction occurs along the chord the  length of which -*n t id e  
case i s  a narinuii (a t  n ~  0,5)* -h e .perim eter of contraction 
■ i s  s t i l l  sm aller tlian in  tho  corresponding concentric device, 
but .tills  i s  p a rtly  o ffse t by a steeper angle of contraction*
The not e ffec t i s  such tha t the area of contracted f lu id  je t  
is  s l ig h tly  la rg e r - than'--in concentric-orifice-platcD ."~ ■: ‘"7'f
However,'' as i n ■ the ■ case o f 'email' a rea  ra tio s -  the e ffe c t
-• of impact pressure - and rad ia l displacement o f/th e  j e t  I s  
g re a te r  I n  • segm ental■ o r if ic e s , the r e t  -.result being ' a n •*'' 
increase  in  d if fe re n tia l  p ressu re .and decrease in e lcn t
; .(about 3g-.less:at--ia « 0*5) •'•••/
: (c). - Him  area ra tio n
.■ The difference In  contracted areas of the  flu id  je t s  
in  r.oprweital 'end concentric "‘o r if ic e s  .is  'r.cgligibl© a t la rg e
area ra t io s . The increase  in  d iffe ren tia l,:p ressu re ,.d u e  to  
'g reater im pact. pressure end' rad ia l displacement ‘ of the f lu id  
jo t ,  i s  n o t-o ffse t in  th is  case, by reduced contraction  and 
. 'comecmently- th e  resu ltan t increase in  d if fe re n tia l  precsuro 
fo r  segmental o r if ic e  p la te s  i e  about ‘ 16y* The discharge 
• co effic ien t I s  thus .approximately -8.'' onu llcr a t - s  a  0*7.'• '•
.The e ffe c t of -pipe sis©.-
In  eccen tric  o r if ic e  p la te s , for pipe sises:-,greater :'tlxan 6 in  
diameter, tho value of-the ' d ischarge,co effic ien t i s  independent of 
vtho'-pipe s is e  (so© graph-'Ko* 25 )• -For. tho three-p ipe s in e s-te s te d  
,(6 V  8 U - and 12” diameter), a  basic tolerance o f * would incorporate 
a l l  experimental po in ts. ■ ■ ■
-. I f  i s  sa fe: to  assume th a t the values o f  .discharge ^coefficient ' 
fo r  pipe -eises la rg e r  .than- 12n diameter: would remain td th iir  the  /-■ / 
s tip u la ted  'to lerance band# For p ipe-sines ' sm aller than 6”; diameter 
no "ouch assumption can be made since wall e ffe c ts  may -become,-:' 
-significant# Hot w ill i t  be possib le  -to 'estim ate  with ai^f'-confidence - 
the coofficaont value fo r 'sm a lle r p ipe-sines as th e ■ p a tte rn  o f -■ 
re s u l ts  i s  not conducive; to  .extrapolation* ■-;■ P roa tho" standpoint o f . ,
’ Indus t r i a l  ’ flow s e t  ©ring th is  is ;  not a - a erious: drawback -.as' 'there .Is 
' l i t t l e  demand f o r  small -non^coneentrie;dericas*
' -In con trast to  eccentric o r i f ic e s ', th e -coofflciGnt values- in  ' • 
cogmpntal -plates show g rea te r v a ria tio n  with pipe s i n e {see graph Ho#'- & )  
A .basic ■•tolerance o f 2*' i«Jv i s  required to - Incorporate a l l  empcs’lmaniaX ' 
values;:within area' ra tio  range of m » 0*5 ** -0o5# ' Above and 'below ;- ■-;
th is  area'' r a t io  range th e  to lerance bsM widens to & 2$$] a t  m »  0*7 ' 
and £ 3^ a t  m » 0*2’ '-
; Thus the  e ffe c t of-pipe e ls e  on the  value o f discharge 
. coeffic ien t is/more pw nom m d £&-.&0g&mtcil' o r if ic e  plates*.
The e ffe c t of .area .ratio#
, I t  i s  & desirab le  fea tu re  o f  a l l  .flo tm etcrs th a t tho v a ria tio n  
-..of th e 'c o e ff ic ie n t over the  working range of area ra tio s  should be 
as email so possib le . .A f a i r ly  constant co effic ien t is  e a s ily  ;. 
memorised (say  Gg « 0»6) and can. bo used by a designer fo r rapid  or 
prDllminaiyr -calculations 'without'.-tho rood to  r e fo r  to a 's tan d a rd . In  
addition, a. f a i r ly  constant or/gradually-varying co e ffic ien t a llow sr/ 
more; accurate  in te rp o la tio n s tend ex trapolations of values 'te.-be made* ;
I t  ■ can :bo ;seen from,graph Ho. ■ 27 th a t; the lanxinun v a ria tio n  
in  the: c o e ff ic ie n t. value .for .segmental .p la tes i s  .114/1 irh ile fo r  7 
eccentric p la te s  i t  .is o n ly -5*1^  or exactly  a h a lf . :
.In segmental p la te s , -at high/ area r a t io s ,  the rap id ly  plunging . 
/coeffic ien t would make in te rp o la tio n  le s s  accurate, (compared with; * \ 
; eccentric p la tes) and'woul&'. require a provision of. wider to le ran c e / / 
Innas .' . .
Comparison of re s u lts  with other research'■is ;
./The pcefomrmoe of eccentric andsegm ental: o r if ic e  p lates, has 
been studied 'by  r.vuy r.poeiaListo (see bibllograph ITo.s ■■14-25) *'-'most ■ 
riotabl c-' contrihutions coming from l i t t e ^ ,  B e it lo r^  ar-d
'O'*;. // " . • ■ ’
t  c s t T h e ' r e m a i n i n g  papers f a l l  in to  two' c a te g o rie s :.. a :summary"..'. 
of previous work (Horning/") • or descrip tions of sing le•aspects of 
non-concent r i c  .devices, ' e .g . th e -e ffec t of tap location  (Schichnan - 
6: JohaSOil^)# /
. I t  can be seen from graph ho .29 th e t  fo r eccentric o r if ic e  
p la tes  the re su lts  obtained ,;by th e ' w rite r  'a rc ' in  good agreeeceit with 
f e i t l e r '  s ,and best ’s . The .apparently s ig n if ic a n t .divergence of - 
b e s t’s re s u lts , a t .'high area ra t io s , i s  very misleading. I t  i s  
..probably due "to ..a bad point on the graph (m •= 0.62, C rs 0.6375). -
In' th e ' ease of segmental o r if ic e  p la te s  (see graph Ho, ;28 ) \
'• there- i s  a clone ■.egreezaent hot we on the •’w rite r1 o. re s u lts  and - those 
•of Lohmami and. Witte# Beit lo rds re s u l ts ,  -.however;'-er© s ig n i f ic a n t ly .
' d iffe ren t .-from those, o f the / other researehers,' p a r t ic u la r ly  in  the/ 
c r i t ic a l  area 'ra tio  range' of 0*5 -  0*7, -
.- The .discrepancy-.'between .the • re s u lts  o f/B c itlc r  and those of the / / . 
w rite r  i s  considerable ** about 7/;- .On-the other, hand S e t t lo r '*e- 
expcsnmonis were made using flange taps, -so a d irec t conparison. would. 
bo misleading. / In  -concentric o r if ic e  p is te s  the  c o e ffic ien t value, . 
using flange taps', i s  lower than t i n t . obtained , from corner taps up to  
an area ra t io  in = 0*5. /'At n « 0.6 the co effic ien ts  arc. the same fox*- 
both types o f  .tap s , ,.-.■ //,• ■/ "
Tims i f  the'/same; trend i s  assumed-in segmental o r if ic e s  (and1 
there  -is no ju s t if ic a t io n  fo r ouch an assumption) . than the  discrepancy 
would ho even g rea ter, in 'th e  lower area r a t io  rarge. ...
Yet 'Beltier* c investigations were v e ry . extensive,.raid comparatively 
recen t/in  re la tio n / to' Lehmann's and 1 /itie /s , l ie ;i s /g e n e ra lly '' 
aclxoiiledged/as the leading au tho rity  on the subject- .there a r e , / : 
•however,' curious gaps, in  Boitler* s work: fo r  instance, .there  i s  no . .
■indication of the roughness of the pipes used in  h is  experiments, but - 
even i f  h is  pipes were rough th is  would not s a t is f a c to r i ly  explain- the  
d ifferences. Discharge co effic ien ts  of o r i f ic e  p la tes  placed in  rough 
pipes must be corrected fo r the e ffe c t of ’pipe, roughness.* ; Such /
*\m th is  context,' i t  i s  of .in te re s t to  note tha t tho -ISO working, 
group on. non-concentric o r i f ic e s ,’ which in d u e  e-d. Prof. Bel tie r-h im se lf ,
- fa ile d  to  % re e ”o» ■"&. common' standard., •'
■ • V - V), 7
correction  fac to r  v a rie s , ..for a pipe, o f .re la tiv e , roughness "/A = -i75?i/ 
from. 1 -003 a t area : ra tio ' mv~ 0*l4(i*o» .110 correction) to  a value of- -/ 
•1*04 a t  n ™ 0 .7 . / This pipe 'roughness. may conceivably-account -for.
///only-a-.part of the 74 'divergence- of ■ B oitlopls’--resulto'/ ■'. hi. /
//•> Tho. riost l ik e ly  explanation fo r th is  divergence l i e s  in  ’the '/:
■ sllglit/differenc© in tho /geometry1of ’the orifices, -•' Host .'ccgaonfcal 
plater arc designed'so that/the orifice Is: coincident tilth • the pipe; •
. bore. -Boltlor - provides a / l 6n th ick  step  t o ' separate h is .o r i f ic e  
from; the p ipe boundary. •/ P r r r / r .n ly  the. reason - fo r-th is /c o n s tru c tio n  
.•;/ -.'is. to provide, a fixed o rif ic e  a rc :  independent o f possib le  c l l i p i i d ty .  
■•••/of the p ip e . bore. due • to '/bad. casting  ’o r 'other manufacturing . fa u lts* : .
-For complete data, see section  on pipe roughness, - tab le  8 .) .
mm I I I  B ,«  SHE HJFLUEKCB OP PIPE JICBSHBES
THE' t m m m G E  g f . p i p e  r o i t g h k e s s  oh  t h e  a c c u r a c y  o f . f w m w m s
The re la tio n sh ip  between pipe roughness/&M fr ic t io n a l  head 
lo ss  in  turbulent flow /in 'p ipes has boon studied extensively  by many 
researchers. In  co n tra s t, very l i t t l e  work has been done on determining 
the Influence- o f ..pipe -roughness on ti e accuracy of flow measuring • 
/instruments,'/-. This was mainly duo to  the b e lie f  th a t such in fluence,
..if  .any, would be neg lig ib le . This was in  l in e  with the general 
- p rac tice  p reva iling  in  the flowmeterlng Industry  whore very l i t t l e  
a tte n tio n  was paid to the conditions of in s ta l la t io n .
Recently, however, the demands fo r g rea te r accuracy necessita ted  
a c lo ser look a t  some of the secondary influences. -Some o f  the l a t e s t  
experiments /have shown-that the influence of pipe roughness on: the / 
accuracy of o r if ic e  p la te s  i s  considerably g rea te r than has been 
thought h ith e rto . .This influence i s  p a r tic u la r ly  marked in -h igh  area  
ra t io  o r if ic e  p la te s . For insianee, in  an o r if ic e  p la te  o f area  r a t io  
m 0, 7 and relativG  pipe roughness (D/K) cs t75t the roughness 
co rrection  fac to r i s  t .04, i . e .  the discharge co e ffic ien t of the  
o r if ic e  /p la te  /located in  a rough pipe i s  47  higher than when i t  i s  
placed in  a smooth pipe, Ko work on th© e ffe c t of pipe rou$mebs on 
segmental and occentric o r if ic e  p la te s  has been carried  out and i t  i s  
hoped th a t the re s u lts  obtained in  th is  Investiga tion  t f i l l  be o f 
considerable help in  standardising those devices.
FIFE HIICTIOH MOTORS
Tho f r ic t io n  fa c to r , u sua lly  denoted by t f , f i s  the co e ffic ien t 
in  the Darcy formula:
: -.... : ' - ’ • - ■ O , ■ : \ : . - •- : ■
;;; e . ^  b 2g
i s  which hg-.is'/the lo ss  of head in  f r ic t io n  in  fe e t (o r  meters) o f 
f lu id  column of the ficrxa^  f lu id . L and'D are  the-length  and diameter 
of the pipe respec tive ly  and V i s  the mean v e lo c ity  of flew. The 
f r ic t io n  fac to r / f *  i s  c non-dimensioral quan tity  and i s  a function of 
tw oo ther non-diiaenslohal q u a n titie s  ? the r e l a t iv e 1 rcn rirress o f th e ’ 
pipe - su rf  ace k/D (where k i s  the absolute p ipe roi^nnoss h sight) ard 
the pine Reynolds number R (R « VP ) ,
The re la tio n sh ip  betwecm these throo q u a n titie s  M s been studied 
extensively  by many researchers. In  1933# 'R#’ *T, S. P iggott ( t )  
published a f r ic t io n  fac to r chart based upon an analysis o f over 
10,000 experiments fro  various /sources,/ '
Simultaneously, J* Idhuradse (2) published tho re s u l ts  o f M s 
now famous experiments. Tii. ?on Karaan ( 3 ) a n d .l, P randtl ( 4 ) 
developed th eo re tic a l analyses o f pip© flow and offered formulae fo r  
the case o f  p e rfe c tly  smooth pipes (o r those in  which tho roughness 
height i s  small comjcred with tho thicM oss o f tho lam inar boundary 
la y e r) , and fo r the case o f fu lly-rough pipes, whore the roughness 
height protrudes s u f f ic ie n tly  to  break up the lam inar boundary 
la y e r  t o :m akeflow ■ completely tu rbu len t
Their .work, however, was not v a lid  in  the tran sition - none : 
between smooth and rough pipes in  tho region of incomplete turbulence, 
hikursdse*s re su lts  fo r a r t i f i c i a l  roughness produced by s tick in g  onto 
the pipe surface sand g ra ins, were a lso  iiiva lid  in  the tra n s it io n  eone, 
,/as th ey  were d iffe ren t from ro tua l arocrionce -'with; ordinary commercial 
.surfaces encountered.in p rac tice .
J u s t before the  war, C, P. Colebrook -(*5) ( in  co llaboration  with 
C, K. llhite) closed the gap with' an equation wMdh -bears h is  nemo. 
/ 'F in a lly , in  1944 b*' F* ‘ Hpody (6 ) /prepared 'a comprehensive .chart, s t i l l  
in  use today, she nn^ tho pipe f r ic t io n  fa c to r  *f1 in  terms of the 
Reynolds /' Iftimber and the r e la tiv e  roughness* .
Test Technique in  Roughness T eats / .-.
- /.-For'obvious ::reasons i t  i s  p referab le  to  us © n a tu ra lly  roughened ; 
pipes, to, a n /a r t i f ic ia l ly  induced -rmghness'-. such as i s  obtained by. 
''sticking:' grains-.of • sand.,.:peas and .other substances to  s im u la te . - 
roughness protrusions, .The/degree of a  pipe -roughness i s  / estim ated 
from i t s • f r ic t io n  fac to r; 7 (/X-~-4-f# -; where . 'f 'Is  the  Darcy f r ic t io n  - . 
fa c to r) . :
/mother, more usefu l c r ite r io n  for dotennining the ex tent of 
pipe roughness i s  the pipe re la tiv e  roughness denoted by the r a t io  
h/K where I) i s  the pipe diameter and k i s  the roughness he igh t, The 
discharge -coefficient- roughness--correction fa c to r  i s  a function  of ; 
two parameters only, tho re la tiv e  roughness D/i, m rl the o r if ic e  a rea
r a t io  thus, in  any experimental programme i t  i s  necessary to 
secure a nunbor of pipes of d iffe ren t re la tiv e  roughnesses and a
sc rie s  of o r if ic e  p la te s  of d iffe ren t area r a t io s .
Another important fac to r i s  the provision of a Standard 
against which tho degree of roughness con he estim ated. In tho
present programme a pipe has been lith-eoatect to provide an extremely
smooth surface. Any re s u lts  obtained with the use of th is  pipe a re  
considered as "smooth re s u l ts ” and the roughness co rrection  fac to rs  
a rc  in  fa c t r a t io s ,o f  co e ffic ien ts  obtained in  rough pipes to 
co e ffic ien ts  obtained in  smooth pipes,
/.roughness co rrec tio n -fac to r ^  "  £ r o u ^  ' :
^sm ooth  ' :
To obtain  the  average diameter of a smooth pipe i s  re la tiv e ly  
easy and can be measured with the use o f in te rn a l micrometers, In 
the case of very rough pipes, i t  i s  extremely d if f ic u lt  to  determine 
the av^iago diameter due to  the uneven spread of roughness, The 
technique which has boon adopted in  th is  programme is  as fo llo w s:- ,
Tlie pipe is  blanked o ff  a t  one end end then f i l l e d  t i t h  water 
o f Imown capacity. Tho volume thus obtained i s  then divided by 
tho length' of tho p ipe, and the average area and consequently tho 
average diameter, a re  obtained,
* The roughness co rrection  fac to r i s  also purported to  be a 
function of Reynolds .Dumber;-. Io  d iscern ib le  re la tio n sh ip  
has hot;ever been observed over the Reynolds Humber range 
used in  th is  investiga tion .
/ /P ire  Roughness Tests . -
The pipes arc f i r s t  s e le c te d :by v isu a l,in sp ec tio n  of th e ir  
in te rn a l conditions. Their In ternal diameters a re 'th e n  determined 
c ith e r  by d irec t measurement o r by the volumetric method outlined  
/a b o v e , depending on the degree o f-roughness,'T he  pipe, is / th e n  
//■mounted in .a  te s t  lin o  for the purpose of.determ ining i t s  f r ic t io n  
•7 fac to r ' f  m id-relative roughness 1>/JC. Two prossure tappings are 
.chosen:a/su itab le  d istance apart mid cor acted to ' a  manometer in  
order to  measure the head lo s t  in  f r ic t io n . I t  i s  advisable to 
; provide some interm ediate: tappings in  order to '.ensure against a/, •
/ /'defective pressure tapping. The hoad lose  m  f r ic t io n  i s  proportional 
to  leiigth and td th  a  number o f tappings, i t  i s  possib le  to pick out 
any defective one. Such a defect i s  not uncommon in  very rough 
pipes, un less g rea t care i s  taken to provide a sm ooth,'sharp /. 
//en trance  to  .the.pressure tapping Inside  the pipe* In  fa c t ,  the 
'measurement of fr ic tio n a l, pressure drop in  rough p ipe constitu tes.
/ .; th e . p rin c ip a l cource of ■ e rro rs  ’ in  an In v e s tig a tio n : of/--the ■ e f f e c t ; o f -s'- ' 
pipe roughness on discharge co e ffic ien t o f flow meters, Thihessard 
(7) in  an in te re s tin g  but somewhat inconclusive paper suggests th a t ' 
•- n a tu ra lly  agod 'commercial' -pxpos. .roughen' unevenly both around the 
circumference and along the length of the  pipe.
I t  i s  thus "quite usual, to  re g is te r  d iffe ren t pressure drops 
’ -along the same length  - of .a  pipe/w ith two so ts  o f  • tappings which 
have d iffe ren t circum ferential.:daspo jitions. Proximity of pressure  
tappings to  flanged pipe jo in ts  may a lso  r e s u l t  in  serious e rro rs  . 
i f  adjacent pipes have s l ig h tly  d iffe ren t diameters or tho flange 
jo in ts  are  ro t well aligned.
. A prolonged analysis of .the pressure drop v a ria tio n s  must 
therefo re  be made p r io r  to  commencement of flow te s ts .
Flow te s ts  are  then carried  out a t  d iffe re n t ra te s  o f flow 
( i . e .  also a t  d iffe ren t Reynolds..numbers) and the head lo ss  in  
f r ic t io n  corresponding to  a given flow ra te  i s  noted on the 
manometers. The f r ic t io n  fac to r A  fo r  the pipe i s  then calcu lated  
.from Darcy’s form ula:-
h_D 2
X — -  - fL
A graph i s  then p lo tted  of the f r ic t io n  fac to r  A  against 
pipe Reynolds Humber and the re la tionsh ip  between A  and 
ascertained. The values o f re la tiv e  roughness d /k  are calcu lated  
from th e  Colebrook form ula:- 7
CO’SFFICIEUT: -TESTS
:/ ■. The) various roa^i: pipes' 'were in s ta l le d  in ; th e  pipe lin o  7 
is i^d ia te ly ;p reced in g  the  o r if ic e  p la te ./  -Segmental and eccen tric  
o r if ic e  p la te s  of d iffe ren t area ra t io s  were each te s te d  with 
d iffe re n t pipe roughnesses. In  each case the  c o e ffic ien t of -  
discharge was determined as a  f(.motion of the Reynolds number, 
the - tee t  procedure M ing  .the sane m /in the  - ease ■ o f - standard: „• 
coefficien t .te s ts . 7 . - *
(a) t c er'.Tcst in  r-.ir.M O ' / ' 0; '7 7 7 ,
Tho t e s t  r e s u l t s  a r c  tabulated in/Tables 7  * ^  ;■ . and/slimmf ,
grap}*Icclly.in graphs *{ **' 4* -^ he-ca l rilaticns c f .•'•relative pipe 
roughness i)/k ( fo r  a g iv en ;fric tio n  fcator.vX/arflKoynolda ilm ‘.e r)7  
are chcim In'TJOIec .1c.- 4a. For r^/jid/compariDonf tho tablb below 
c h o re  v  i i o r  of A . rivl 7;/- / - r  :0 1  f o u r  p i p e c f t a k o n : a t . 'a  7 A- 
■irofc.vci.oc_ ;<i; c -synolds I.’unuo* cf s7>J0,003, „ ; 7 ' r .  .-f
; V II- r
see
A
P ipe  L£aJ&h
-7 ff /,L  V
6&T(\A££=a/
T frPfrtTtr?
1 '
Amooth
. ccav r yj*;
. .cu; r
4
Very' .Rcugh
10 '
10
10
L>
0 .0 1 1 4
0*0202-
C A  •/.u ,
0.0316
1,000
i/O
_  i i  ‘ 
1  -  10 2.
I i s k '
<joo ■ 11‘- 8,"
- , i  ]_'■7 -  102.
In  add ition , a l l  the f r ic t io n  fac to rs  have been p lo tte d  on 
the  attached Iloody Chart (o v erleaf). An analysis of the Iloody Chart* 
p l o t '■ shews th a ts -
t)  A ll four pipes selected fo r te s ts  follow the estab lished  
re la tionsh ip  and are therefo re  rep resen ta tive  of the
normal;:pipes/in-Ccr^orc Lai■ u s e ,- 7/  y ,
2) The range of roughness spans the normal indust r i a l
7  range, : ■ 7
7 ;^) v.77 ■ The in te rv a le vare  evenly spaced and. w ill a llow . a n ,.
7 "accurate in te rp o la tio n  of re s u lts  to  be made. . ■ ■ 7
.■ 4) . : ■■-■ The- sp ec ia lly " lith -co a ted  pipe, se le c te d ;fo r  a- ;7  :
.'./standard o f sm oothness,/is-in ’'fa c t extrem ely’smooth , . 
( s l ig h t ly  below Hie 'sm oothest-'line• on the chert) ,
9) That Pipo Ho, 4  i s  very* rough and wholly in  the \
range of complete turbulence*
6) That pipe Ho. 2 I s  wholly in  the  tra n s it io n  none
/and,p ipe .Ho, 3 .-is on the thresholdof.-.complete' - 
turbulence,
: From tho onlarged p lo ts  in  graphs 1 -  4 i t  con bo seen that 
the re s u lts  obtained with pipo ho, 2 (and to  a le s s e r  extent with
pipe ho, 3) show a considerable degree of 0 c a t te r . I t  i s
0.
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s ig n if ic a n t and probably not accidental that those tiro pipes are  
e ith e r  t iio lly  or p a r t ly  in  the tra n s it io n  mono, Tot i t  ic  by no 
moons ce rta in  t in t  there  i s  anything in tr in s ic a l ly  unstab le  in  
the m ehanico o f flow associated with the tra n s it io n  cone*
In a s im ila r  in v estig a tio n  with concentric o r if ic e  p la te s  
and nossleo the tad  te r  noticed a s im ila r ' s c a t te r  in  pipes with ; 
f r ic t io n  fac to r  ran"© o f A c  0*02 *  0,023, the range around 
X « 0.02, being p a r tic u la r ly  c ritic a l*  A possib le ' explanation  
of th is  phenomenon may l i e  in  the already discussed u n re l ia b i l i ty  
of pressure tappings in  rough pipes*.
. A pipe of \  = 0.02 already has a rou^h surface but the - 
protrusions are not yet vozy pronounced and the pressure 'drop 
p e r,u n it length i s  s ig n if ic a n tly  lower then i n  a very rough pipe 
(say  X « 0*04)* £hus, any change in  th e  value of the prescuro 
drop due to a defective tapping may co n stitu te  a s ig n if ic a n t, 
percentage of th e ’pressure drop its e lf*  Since b ilg es, "spots”, 
depressions and s im ila r fac to rs influencing  the r e l i a b i l i ty  o f 
a pressure tapping a re  causing e rro rs  which are  dependent on flow ’ 
v e lo c ity , such e rro rs would not be constant over the heynol&o 
number range of the f r i c t io n  te s t s  and would re s u lt  in  a random 
s c a t te r  of the to s t  po in ts,
. Yet,, from &n overall-ezamiaviiiQBvOf-. the'’. te s t  results,--one'./: 
can in fe r  th a t however un re liab le  indiv idual values m y  be, the  
four pipes se lec ted  fo r  the to s t  represent a d is t in c t  and 
progressive sca le  of roughness*
. bpiscfcargG co effic ien ts  obtained with a given pipe:■'roughness^'''■.■
and o r if ic e  ared 'T atio  were averaged over ;.the' usual .Reynolds
.number - range and 1. c resu it!n g :;value wir denoted by, She •
average standard coeffic ien t obtained e a r l ie r  in  t e s t s :using, a
smooth pipe were denoted by C '; . , snootn
The roughnc'ss correction  factor. {rQ) was defined 'as the 
. ra t io  of the rough and smooth coefficients:-" .
. 2?n ^  - •osmooth .;
The .'values.- o f . averaged ' "rough" discharge co effic ien ts  and 
, the  roughness.. correction;.factor r^- are  shewn in  tab les 5 and 6 
respective ly , both se ts  boing-.tabulated-in -terms of o r if ic e  area.; 
r a t io  (m) and re la tiv e  p ipo"'roughness '.-CD/k), • The values a r e ' 
also presented in  a graphical form in.; graphs Vo, 5 - 7 .
■ I t  can be seen from • these tab les and graphs th a t - the .roughness- 
co rrec tio n . fac to r ;r*o 'increases ac . e::pocted w ith  the increase in  
pipe roughness :(represented by diminisliing values of I)/k) ancl vritli 
an increase in  the o r if ic e  area ra tio  (m), reaching a nawimun value 
; cf 1.04 ( i.e ."  4^ correction) a t • an o r if ic e  area ra tio  of 0.732 .and 
. a . re la tiv e  pipe roughness of '175. In view of the  d if f ic u lty  in  
ob tain ing-su itab le  rough pipes and the considerable time fac to r 
invo lved 'in  roughness te s ts ,  it.w as only possible to  use pipes of 
th ree  d iffe ren t roughness pattc-rna in  addition  to tho smooth -pipe, 
used in ;standard  coeffic ien t te s ts ,  fo r  th is  reason, although the
■graph and table. give a ’rough* idea of the- trend , tho --infomation- 
■is not- as. cdnipralienoivo' as one -would 'wish -to 'ob tain , 'consisting  
re a lly  of .only nine values.
Of' p a rtic u la r  importance - i s  to;-determine the  point a t which 
the.;roi!ghnoGG correction  fac to r becomes a .unity*" The-extrapolation-/ 
- of the. carves in  -graph number 5 in not an oocurate method id thout 
knowing the p o in t/a t which .the curves in te rsec t, ;the.-abscissa*. •••' 
■However, by p lo ttin g  the roughness correction fac to r, r^ againot . 
log B /k ( g t ; graph number 6), the curves arc  replaced by s tra ig h t, 
lines'.and the linos, can be thus enterded to  in te r s e c t .'..the 'absc issa . 
The ■ valuer C‘r h/]: at. these points of intcr.cection give -tho lim iting ,
value of r  fc-r d iffe ren t o r if ic e  area 'r a t io s  -  th a t i s ,  r  .ic  a
. ' . . . .  o . .. . o
un ity  at ' th is  value of b/ln and a l l  higher ■ values of I)/tr ;' ;-
( i .e .  diminifaliir.;; -roughness) *• ■ In.-addition, by .p lo tting  the.--.". '.
roughness! correction  fac to r against tho o r if ic e  ..area"r a t io ."( see '' 
grrah.'number 7 /, .s tiu igh t 'linos arc obtained fo r d iffe ren t valuer ' ' 
of D/b. 'Ipa in , by eytendinr those s tra ig h t linos, to  in tc reo c t the. 
::~avisk-vo obi v:i the lim it; ip  v 7 ’• < area ra t io s . ThisusoariD
th a t the. area rm^ro a t /the .point • of section  in .thc.Taawir.r.v: 
area ra tio  for. which r^ in  unity , fo r ,’a g iven .h/k value. i
y-Pron. graphs ho* 6 and 7 wo can obtain by in te rp o la tio n  .a very 
coiiiurelienDiVG and roasombly; accurate sot of r  values. Tho ba"t ■ 
•way to .achieve. th is  i s  to 'work' out a com/at or programme based end 
the  assumption (reinforced by the  prelim inary graphs) th a t i \  i s  
.a:.linear.;-, function of .the. o r if ic e  area r a t io  (m) and the logarithm, 
of ..relative £>ipo roughness (log  D/k)*--... -
The nine values of roughness correction  fac to r  were then 
need to  obtain  a general; -equation* This equation was in  turn, used 
to ca lcu la te  r  values in  terms of convenient increments o f a rea  - 
- r a t io  ( i . e .  m = 0 .1 , 0 .2  e tc . ). and "roughness correction  fa c to r  
( i . e .  D/k ss 250, 500, 1000 e tc .)  .over the appropriate range of 
in d u stria l:a p p lic a tio n s .
-The computer■ program©,.is: attached.''.in;appendix I I .  ---The.-.
' rouglmess co rrection  mat r ix  i s ' shown below ( r  is ' denoted in  ■ ." :/ O
' computer programme■ and. the -error m atrix by y /  )* .-ifhe- computer \ 
equation fo r  roughness co rrection  fa c to r  r o i s  given by
r Q 1.0319 ~  0.017849 log D/k * 0.093395 n -  0.01256 m log  D/k
The e rro r  m atrix gives frac tio n a l -standard erro rs fo r  a l l  four 
num erical-coefficients in ' the  ■ equation. ’-'.These show th a t . the  . 
equation i s  a  good f i t ,  except fo r the co e ffic ien t of the fo u rth  
term whose frac tio n a l standard e rro r  i s  qu ite  .'large. ,
I t  would o f course be possib le  to  modify the  equation by 
''expressing the fourth terra. However a .few numerical checks; shotr. /
■ th a t the influence of the fourth  te m  e rro r  on the overa ll v a lu e s /  
of r Q i s  not c r i t ic a l  and i t  was therefo re  decided to use the 
..original equation.
Table 7 shows th e . percentage 'error, between the nine ac tua l
■ t e s t  ’ Values; : of ■-ro ; and ' 'th e ir equivalents; obtained 'using  the. 
computer equation and' i t  can be seen 'tha t' the  discrepancy does.'..
: Table 8 gives the  complete so t o f _r 0>values'.'for area ra tio s
.between 0,1 -  0 .7  and J)/lz range o f 175-V5OO0 {see.-, ta b le s  t5 ) / ;  V 
• fo r  ;calculatio2X5)v\;;';iii;tEble 8a, .-Values' o f '.r£- a re  ;Sh0wn.for: .■ 
concentric o r if ic e  p la te s  as given in  the 1 .S .0 Standard on f lu id  
flow -in closed conduits (R.54-1)*'. '
' Regrettably an exact comparison i s  not possib le  oceans©. of... 
d ifferences in  the interm ediate values of D/k and m cbosor ~n 
the table* ' To r e c t i fy  -this discrepancy the vQ values-;in tho '. ■
T .S .0  document were in te rpo la ted  and so t ’down in  Table 8b in  
order, to. a lig n  then with the interm ediate values o f B/k and m in  
Table 8.
. -A-direct assessment; could not? be . made between roughness . 
corrections for "' conventional -and;'segmental o f f i c e  p la te s  by - 
. comparing r ^  values . in; tables.,8. and'. 8b. .
TIo percentage d ifferences between r o values in  T ab les.
8 - and; 8 b " a re  • - tabulated  in-Table- .8 c. I k g -  . v : i - . - . V . , • -
'• I t  ycan'be seen-:from;a ..earelUT examination o f Table 8c that.-. 
the influence;-of nine rou^m ess on the discharge co effic ien t o f . 
•.seggaont.al' o r if ic e  p la to s" is  c f  tho cr-^e order -he'-that .for concentric -;
ssmou xxx c ** teb  xmi&mcB'QF ABmmuxcJiL 
■m>omx mmamtxm
th e  jm x im on  o f Asmm&iokh': \  m i t i  m m m m zxm ; .
r.fbo basic' c o o ff ie ie a t. to s t were .c a rried ' out using adequate . s tra ig h t ' ’■ 
T-leng th• o f .pipe,..upstream • of- the o r if ic e  p late* ' 'fhe upstreaia pipe m e t  be 
■ long enough fo r the v e lo c ity  pro file*  follow ing various f i t t in g '( b o n d s ,  
valves* "etc.)* to  he of "-the same proportions as '-it' would, have been without- 
' t f e ' in te r‘poeitio ii of .th e '-fitting*.■ Tho exact-lengthi.of s tra ig h t .pipe 
required , -usually expressed: in  ..torus o f pipe-diameter* depends mainly on ’ 
the type o f  f i t t in g  preceding' tlw *** *c ring device# "'•'
■ / Baoh type of f i t t in g ,  produces' a 'd iffe re n t v e lo c ity  p ro f ile  and an 
almost In fin ite-' number of varia tions. can .he generated 'rby oompoumiig the  
e ffe c t of two or' more .ouch f ittin g s*
' l*o consider th is  problem: in  a l l  i t s  • complexity was beyond'-'the. scope 
of th i s  .vork  and i t  was decided -'to concentrat e on studying the e ffe c t of 
a. sing le  bend on the metering accuracy of eccen tric  o r if ic e  plates* A : 
standard . ^hca't-radiusdd 90°'.-bend was chosen as''"it was the most common 
f i t t in g ,in ;c lo s e d  com uit flow* '
a iU rgH T Pl '■ ■■■ ■ :
■ For reasons of convenience, the experiments iroro conducted in  th e  
laboratory  a i r l in e ,  This aspect of in v estig a tio n  required a g rea t deal 
..of. pipe f i t t in g ,  to  be done and manoeuvring the l ig h t  f ib reg lass  a i r l in e  
pipe sections tool: le s s  time and e f fo r t .  Flow tests*  too* could be 
' completed much fac to r using .s i r  '-instead o f  water# Compressible flow.
- calcu lations : u su a lly  mote = complex and virae consuming wore sim plified  
and speeded .up' with the help -of a 'computer programme*
general a i r  p lan t lay -ou t:.is  shown'in"Fig* ? f while. the  test-; 
arrangement io  rlictm. in  Pig, 5 . and on graph lo* : 31
.■. The q u a lity  of the te a t  .sections, l* e . the pipes immediately upstream 
and-downstream o f . the  o r if ic e  p la te  and the'method -of f ix in g  the o r if ic e  ' 
"plates w as'the ease as th a t used ; for basic  c o e ff ic ie n t ' t  esis* 'described- : 
on page 4-5. ' -The upstream-pipe was' however'-shorter (500. m  long) to  a llo t? ; 
.the o r i f ic e  p la te  to  be .located-as near as £§* pipe diameters from th e  bend 
without th e  need fo r  changing-; the  upstream' t e s t  section* always a  possib le  . 
source; o f ' errors* • • •
The in s t r i te h ts  used-in  these  tests.*' e i th e r  mounted in  a  c en tra l panel 
or.-portable, were as follows
.'.■1800/500,- panel m ounted,-E llio tt edgewise draught gauges 
with range 0 -' 1000 mm ¥.G, -  fo r .measuring tho lin o  pressure a t'.th e  
upstream tap p in g ' of th e ' o r if ic e s ,
- Panel mounted E l l io t t  temperature 'gauge, .range O'** 40%
" -'(at-the master o r if ic e  plate); and .mapcury-i»*glass thermometer 
■ .of the-same rang© (a t  the te s t  o r if ic e )  ...
Casella d iffe re n tia l 'w a fe r  manometers, ranges -G*» 180, ,'/
0 — 500, 0 -  1D0O tm *» fo r  -'the mo&suresent of - pressure d ifference .
'•Airflow development d iffe ren tia l 'm u lti-ran g e  manometers -  
-for p i to t  trav e rses . -
• I t  i s  .very. d i f f ic u l t  'to' measure' accurately  -the vflow of ;a compressible 
,• flu id .v  A -gas unlike :& liquid-.ccimoi -be-collected i n  a  .tank end weighed?.
: .a d iffe ren t' techidque'Sust. he meed*
In  th is , eerie  b o f  te s te 'th e  a i r  was-supplied by a ceutixfug<al. fan''
/■• with a  capacity -of 150,000 S#C*F*H. The' a irflow  was measured- by a s e t  of - 
. • master o r i f ic e  p lates-prev iously ; ca lib ra ted  i& ;-ik e> a tor .plant* Since the  
. c r i te r io n  f o r  dymmio s:lm ilarity  in  closed conduits was the ■ Reynolds 
Bushesy the die m arge".coefficients. of th e  m e te r  o r if ic e  p la te s  were.
' expected to  have the-same value* ' whether, using a i r  o r .vator, i f  th e  
respective Eeynoide numbers .were th e  same* ■
' The flot? could then be '.calculated i f  the ';appropria te-correction  was 
made fo r  the exp an sib ility  - o f a i r  due to  pressure reduction in  :th e 'th ro a t  
of the o r if ic e  p la te . ■
In  .p rac tice , bowover, there  was frequently; a discrepancy, between
the re s u l ts  obtained-using water and a i r  despite  the id e n tify  o f Eeynolds'
. num bers.\ This applied p a rtic u la rly  to  flow measured by o r if ic e  p la te s  
where the ex p an sib ility  correction  charts  were not ireagr re l ia b le , ■
". F o r 'th is  reason i t  was decided ,--first, to  r e - te s t  a l l  e c c e n tr ic ;■ 
o r if ic e s  on a i r  under standard conditions of in s ta l la t io n . Discharge, 
co e ffic ien ts  thus obtainod wore re fe rred  to as " s tra ig h t p ipe” - c o e ff ic ie n ts
-'- and- d<mete&'jby. the  .symbol ®m o  o r if ic e  p la te s : wore then
te s te d  doi-mstrearn o f the  bend and the  d ischarge c o e ffic ien ts  recorded in  
th is  p o sitio n  wore denoted by the  .symbol ;Cb*nd* ' A 3pa'^°" —1 would .
then c o n s titu te ’'a correction  fa c to r  fo r  the e ffe c t of the bend on the  
. flowneiering accuracy of the o r if ic e  plate* ;
.In  the ac tua l - tes ts . the required fl<nr- ra te  m s  se t up by &■damper 
■'and r e a d ie s  m ra  tai^n^ a t  the master and t e s t  ’. o r i f i c e s o f  l in e  
' p ressures, tcaporatures ' and pressure d ifference. ,• -The nest ra te  o f f l a t ? ; 
would then be se t  up and: the procedure repeated-•Until the required - 
' Reynolds nimiber muge m s  covered* Barometric pressure was noted, before 
and a f te r  each, se rie s  of • te s ts ,  .
A ltogether • three eccen tric  .o r if ic e  p la te s  of area r a t io  - a  « .0*391»
•0*563 and-0*702 were -each tes ted  in -a  .straight. 8” diam eter .pipe and in  
four p ositions downstream of the bond(2y, 7* *(H~ and 20-g pipe diameters) * 
A l l .t e s ts  were carried  out over a.medium range o f Reynolds ■numbers# '
PXTO TUVEBSBS
To f a c i l i t a t e  th e  'analysis' o f  .’the te s t  re s u lts  p i t  o i trav e rses  "wore 
made at; each o r if ic e  p la te ' lo ca tio n . i*e* a t . '2j> 7 » 1 'and 20ff- p irn
tyr-
diameters domstreaia of the ho rizon ta lly  mounted bond, ; -In every p o sitio n  
the ..traverses were carried , out 'at 'ti high and-'low ra te  o f flow and in  both 
v e rtic a l and horizontal planes,, miring :a  to ta l  o f 32 p ipe trav e rses ,
in  IT,?,Ij. type sem i-spherical p ib o t-s ta t ic  tube (Cy *» 1*0, probe
; diameter 5 - tsa) was used to. traverse  t  he went re  of the pipe a t  1n in tervals*  
Hear .e ither bcundsry the traversing  in te rv a ls  were reduced to
ft-1 v  £  l' 0* ■£"& 2- ^  <JvKLa— 2 ,  C  C JU ^ bYi' e -
o n f c -  U rro U~c-qjfc<Lo/ 1/K ( S
: ^  : ell ^  * fv  HU i' m  ^ J jpuU*
■’ D iffe re n tia l1' 'prosstore f . l in e  - pressure and. temperature a t  ilie  nectar 
o r if ic e  p la te ' i?erevnoted before :M  /.after cncb traverse,, in  order - to  , 
correct?, i f  necessary,-.'for f lo w  lc-variation*- ,
m ax p >uT/gs z\vd calctoatobs' ~ , ••>•'••. . ; -
'/ t e s t :re s u lts  a re  sboun i n tab les  69 -'■ 73#
.on grapli Ke*.31 *“35 ' :a iid;in  tb e  tab les  beletf.' A ll calcu lations trere. 
:&oim on an 603 computer using a ' sp e c ia lly  detisecl p ro frc  o
..(Soe Apptmdis Il)>  '
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When a f lu id  flows round a bond one-.can .Iso la te  th ree  d is tin c tiv e  
cones, each ■ characterised  by a d iffe ren t flow regime. In  the f i r s t  mono, 
immediately downstream of the bend,- separation  occurs on the  near side 
of tbe tend and the  general d irec tio n  of the f lu id  stream, duo to  in e r t ia ,  
i s  not along the amis of the  downstream pipe. Radial components of ■ 
v e lo c ity  penetra te  in to  the pressure tappings making any measurement very 
unreliable* B ettor re s u lts  can in  fa c t bo obtained using the bend tappings 
ra th e r  than with an o r if ic e  p la te .
In  the  second cone, ranging, from two pipe diameters to  seven pipe 
diameters doiraoirean of the bond, the flow, i s  already more or le s s  amial 
but the v e lo c ity  d is tr ib u tio n  i s  s t i l l  veiy disturbed, .'Typical v e lo c ity  
p ro f ile s  con be scon in  graphs; tfo®., ;0 2  '35. .1 . At,. 2|r j>ipe diameters
from the bend most of the flu id  i s  on tho f a r  side of the  bend but .some 
of i t  i s  re fle c ted  back to  the near side  end can" be,observed in  tho shape 
o f a small peak* With the bu lk  of the f lu id , concentrated a t the sides* 
tho centre of tho pipe forms a lo r  v e lo c ity  pocket coacvliat suscep tib le  
to  generation of v o r t ic ia l  flow. In  t h i s  sons e rro rs  in,flow, .reading of y 
up to  8-^  ^ have boon recorded, depending on the  area r a t io  of tho orifice* . ’
In  the  th ird  sono, which rerpcs gradually  to  s tra ig h t pipe conditions, 
the  flow is  now not only ax ia l but a lso  more or le s s  symmetrical. The- 
front of the v e lo c ity  p ro f ile s , however, i s  blunt ra th e r  than curved in  
the fam ilia r Reshaped p ro f ile  associated with fu lly  developed tu rbu len t 
flow in  a long s tra ig h t pipe. The e rro rs  in  th is  none are sm all, not 
. esc coding '-3$.' 'ynyVgh.y /; v,. ,y ;.vy, M V 'M g  —i
In  general, the e ffec t of the bend Vis to increase, fo r  a given 
flow rate, th e^ d iffe ren tia l pressure, across the o r if ic e  p la te  and unless 
a correction  is  made the flowmeter Trill give a high reading, These 
co rrection  fac to rs , which are  a function of the d istance o f 'th e  o r if ic e  
from the bend and the area ra t io , have been found to  'be of the seme 
order in  both eccentric and concentric o rif ic e s .
The main findings in  th is  aspect ’o f-the  .investigation;:.were. th a t 
e rro rs  of up to in  the flow readings can be incurred by neglecting . 
the e ffec t of a bend and th a t , on average, a t le a s t  30 diameters of 
s tra ig h t pipe are re q u ire d :to :elim inate, th is  e rro r a lto g e th er. At the 
same time the te s t  r e s u lts  show th a t these' e rro rs  w ill "be;.relat iv e ly  : small 
unless the o r if ic e  p la te  is; located w ithin 10 diameters of the bend. This 
fea tu re  would be of, p a r tic u la r  in te re s t in  in d u s tr ia l ap p lica tions , where 
i t  i s  r a re ly  possible  to s a t is fy  the ideal requirements.
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: g:A 't  - ■.ireecoverabf.e p r e s s m e  doss" ; ; ' vL: ■■'
The irr< co^erablo pressure boss i s  defined; as th e  reduction in  l in e -  
pressure cam c f  by in ^c rtio n ;o f a  fioinnotcr. ; X t 'i s  u su a lly b rp resso d  a s  i  
'a  .percentago.'Of th e : d if fe re n tia l  head a c ro ss ' the  flowmeter.
The flowing stream, a f te r  contracting  in  the  th ro a t of tho o r i f ic e  
p la te  expands u n t i l  the  f lu id  a~aim occupies the  f a l l  c rcsc-soction  o f  , 
the pipe. The head lo ss  can; then he measured between a section  upstream 
of the device rati one downstream of tho recovery point ( to  mate sura th a t 
the  v e lo c ity  heads arc  tho same a t  both sec tio n s .)  A p o sitio n  give 
diacotc^** downstream of tho device in  normally used fo r the domlstrcam.. 
tapping,
' To;.obtain the  true  or n e tt head lo s s , due to  the  flowmeter only, 
i t  i s  necessary -to .sub tract the. fr ic tio n a l, head lo s s ’ which would liave ; 
been incurred irre sp e c tiv e  of tho in se rtio n  of tho device.
• rns»em--T)PnerT**TOt* ; " - W  : ->'■
The te s t  o rif ic e  was in s ta l le d  in  a s tra ig h t  S1* diameter pipe* The 
d if fe re n t ia l  head across tho t e s t  o r if ic e  was measured using  corner 
tappings while the  head lo ss  tappings were located  a t  one di&neter 
upstream of tho orifice'and s ix  .diameters downstream. A flow rate tram 
se t up and measured* Simultaneously the  d if fe re n tia l  head and the head ; 
lo ss  wore recorded. Four d iffe ren t flew rates were run with each o r if ic e . 
Altogether tro seg cn ta l o r if ic e s  n « 0*342 and 0*579 and two eccen tric  
o r if ic e s  xa « 0*391 and ;0*702 w ere-tested . Tho o r if ic e s  trere,; then. ta te n  
out, th e  l in e  closed up and f r ic t io n a l  head lo s s  te s ts  carried  out ever 
tho e n tire  flowrange.
The te s t  re s u l ts  are tabulated  in  ta b le s -29 -  30.
BISCggSXOH OF PJSGmTS.;,-' ■ . ' ' ,> '/:'
The fo llow ii^  formula has boon developed fo r the  estim ation of 
irrecoverab le  pressure, lo s s : -  I '/  y;:g.
: >UL = (1- b) ,;H ac .too : \ :
■whore *T = d if fe re n t ia l  head across o r if ic e  )
: V ; v . ' " -'2'/". . in  co n sis ten t’ u n i ts . .
h~ ss percentage irrecoverab le  head lo ss) 3 ; ;  '/A h ',,v r  ,
';■■■■■//■■... /■/■■' : m:;' fe /o rifice  area ra t io  ■_. .\ \ ;
The above equation i s  v a lid  in  the area r a t io  range
m'-» 0*4 -  0*6, At higher values o f urea r a t io  the ac tu a l pressure lo s s
is 'sm a lle r , by than, th a t calcu lated  .from, tho formula.
; ' , ;:;ln general .tho /non-concG ntric^orifices'have,.the same irrecoverab le  : 
p ressu re• loss, a s .the' concentric ■ ones*;- At lower area; ra tio s ', the non-concentric- 
devices have" a s ligh tly '-h igher/lo ss trhilo' a t high-'area ra t io s  they have a  ■’ 
s l ig h tly  lower lo ss  than tho concentric ones,. ,
Such' very small v a ria tio n s /a t th e  extrem es,of/tho -area r a t io  spectrum 
are  of l i t t l e  p ra c t ic a l . sign ificance .in  re la tio n  to  the  .very la rg e  pressure
lo ss  incurred in  a l l  typos. ; ;■ - / :■.
sm oif XXX'.B W- TESBJFLUIRrcB OF HiJ^aJRl .TAPPIlBS.BOOATIOl-
weiWe*a66saNejw
- 'OF' PRESSURE TAFP'IKG I  d C ATIOH ’ ’ .
— —r 1—r   ~ ■ -■--' r — -r-~n -t r-rn ■ i- t  - f  -r~nr lurm- -«tnriu»Tarrrr -im-i-wiim
; The lo c a tio n :o f !pressure tappings 'around the 'cirmmfereiice'. o f  
.noh-concentric o r if ic e s  is  h ighly c r i t ic a l . ;  In  th in  they: .are"/ 
..s ig n ifican tly  d iffe ren t from concentric o r if ic e  p la te s  where th e ; 
c ircum ferential d isposition  o f ; pressure'Mappings "does not a ffe c t the  
• in d ica ted . d if f e re n t ia l  -prescare as both the  pipe .and o r if  ice  circumference',. 
‘'• are••eymmetribalabout th e  pipe; a s is .  Ho sach; sym etry ';ex is ts  in  non-" 
concen tric ;dev ices;and- consequently, the in d ic a te d ;d if fe re n tia l  p ress’irc 
reading t? ill:v a ry ’w ith  the  angular .o rien ta tion  of the ,tapp ings, •
i T E s ^ ’ p i t o d s M s  ■ : . ,  ; - ; / / '  - - - M "  V ^ - ; ;
•' An'e c c e n tr ic ;o r if ic e  p la te , ' of ' area;/ratio '. ia'-ss '0*4 Has; in s ta l le d  in;- 
a  s tra ig h t length o f smooth Stf diameter pipe. A: concentric o r i f ic e  was 
in s ta l le d  in  se r ie s  with the eccen tric  one. I n i t i a l ly  the; tappings, were 
located d iam etrica lly  opposite the eccen tric  o r if ic e  apertu re , i . e .  th e  
angle © was 180° (see  graph Ho, 30 I.,- A 'flow rate corresponding t o ' a 
Reynolds number of 3 s  10 was se t up.' -The con tro l va lve  -ms . then fixed  
in  th is  p o sitio n  and .the pressure /d ifference 'no ted  across both th e ../ 
concentric and. the 'eccen tric  o r if ic e  p la te s . The eccentric  ro r i f ic e  was 
then ro ta ted  by 10° from the o rig in a l p o s itio n  and the  .new d if f e re n t ia l  ; 
pressure recorded. The procedure was'then repeated- in- angular s tep s  o f 
10° -until' the  'angle 8 was equal to  nero, i . e .  the tappings were then 
coincident with the poin t of contact between the o r if ic e  -aperture' and 
the- p ipe w a il.. At each stage the concentric o r if ic e  was used to  monitor 
. the/constancy 'of; flow, /• / ; . '
The te s t  r e s u lts  are shown In  graph Ho. 30. /•:.,/ .Because, of the
importance. 'o f  th is g ra p h  "in follow ing the .geom etrical -d isposition of the  - 
tappings i t  i s ' attached '■her ewith as. w ell as I n  i t s  'appropria te  p la c e /in  : 
.;:the; ;-f,grsph- section"-.'■' i /
. d isc u ssio n  of results ■-,■■/,.
rorhans the  most important single fea tu re  .in  the  in s ta l la t io n  o f 
non-concentric o r if ic e  p la te s  i s  the c lra im fe ren tia l d isposition  of the 
tappings, in  re la tio n  to. the. o r if ic e  p la te  aperture/ ' Ideally.: th e 'p ressu re  
tappings/' should be displaced by ,180° from /the cen tre  l in e  of th e  p l a t e ,
: orifice,;/I.-'e.'- d iam etrica lly  ■opposite#. All d isd iarge  c o e ffic ien t values 
;in  tlx isv o rk  a re  based on such 'd isposition .. - . ' / ’ .
/■■■;- I f : th e  /pressure tappings are in s ta lle d ;on:the'same s id e /a s ' the','; 
o r if ic e  p la te  apertu re  then error;:, of up to  100$ .in the' flow 'readings 
(always i lo t f ’1) td .ll bo incurred. However, ro ta tin g  the tappings/-/by'90 
from- the; id ea l p o sitio n  would re s u lt  in  an crx'or-of ■ not more than 2 0 . ; /
Since tho. o r if ic e  aperture i s  . nearly.-always.. cither'.: at /-the - top; or.. •; 
at the bottom o f-th e  pipe, placing--the -'tappings 'diametrically opposite ,
. may cause other problems: a i r 'en tra inna it i f  tappings a r e 'a t  tho very
top, o r b loo te 'x  by d i r t  when they are a t tho bottom of tho pipe.
In-such; cases I t ;  I s  perm issible to  rotato; thetappings by 3© from 
tho verticsil .centre l i n e  of tho pipo without the r is k  of incu rring  a 
noticeable'flow 'm otoring e rro r. .■. .-■•
'/•..'•'•'The crtrcrsoly large  e rro r in  th e  flow reading whan the  corner 
tappings are  in  # » 0 p o sitio n  can-bo explained in  the following way.
The tappings a re  facing a flowing stream end tho observed pressure 
d ifference ':is  a function  of the v e lo c itie s  and areas o f the. flowing 
: stream' a t the- point s of • contact* Since the  corner tappings are very /■ 
/c lo se  together. tho ; d ifference ' between';tho areas - o f "the .flowing stream - - 
i s  sn a il,  thus re su ltin g  in  a 'low er ind icated  d if fe re n tia l  p ressure  and’ 
a  ,!lcx?n -flowmeter reading*
/ I t :  i s  -reasonable/;to assume thal u f pressure tappings w ith w id e r ';;
■ spacing wore used (e .g . D D/2) -then th e , indicated■ .d ifferen tia l• - pressure 
would not be s ig n if ic a n tly  a ffec ted  by tho angular o rien ta tio n  of the  
-tappings* , / '" '-g /
-■/Ho tapping location, te s ts  were .carried  out on/segmental' o r i f ic e  \  
p la te s  as these have boon adequately covered in  the  paper by Schiclisan
(su)' and/Johnson' * T heir findings were -'-essentially sim ilar? / th ey  a lso  ; /  
rocosmcrlGd the tap tln g  loca tion  a t 8 « 180° or as close to  th a t  p o s itio n  
as was practicable*

: The object of th is  in vestiga tion  v m  to  compare the re la tiv e  •• 
m erits of eccen tric  end segmental o r if ic e  p la te s  and to  co llec t 
su ff ic ie n t experiment c l data to  f a c i l i t a t e  the p reparation  of a ' 
national standard.
A comparison of the two types of non-concentric devices shows
■that
1) Tho ; cccont,ric .o r if ic e lias a more convenient shape for machining
■ and can be manufactured to much closex’ to lerances. The machine 
chop''personnel have frequently  s tressed  th e  d if f ic u lty  of 
machining the corners of small a rea  ra t io  segmental p lates*  The 
com ers 'a rc  frequently  **brought to  s i s e ” with a f i l e ,  hard ly  a 
su itab le  method in  the age of automation.
2) The, .eccentric  ..qrjf icq has a more co n stan t: discharge co e ffic ien t 
' over the .usual range of area r a t io s . The v a ria tio n  • over the  
range m ~ 0*25 ~ 0*7 i s  only 54 compared with more than  10$ fo r  
se g sa iia l o r if ic e .
3) m £^2M M £L  too S more constant co e ffic ien t over the
te s te d  range of. pipe oises (6 n? Bn and I2n diam eter). The
.• v a ria tio n  i s  le s s  .than jf'- compared with 5 4/ v a r ia tio n  in
segmental p la te s , the v a ria tio n  in  the value of co e ffic ien t in  
.segmental o r if ic e s  being p a rtic u la rly  marked a t high and low 
arcs r a t io s .  In  addition, the  p a tte rn  o f the coeffic ien t 
v a ria tio n  in  segmental p is te s  ( in  contrast to  eccentric) i s  not 
a  simple function of the pipe e lse  which would mice accurate
. in te rp o la tio n  ex trap o la tio n ;fo r oilier pipe s ise s . d if f ic u lt  
. i f  not/impossible* This deficiency 'renders, the  segmerzfcal o r i f ic e  ..- 
■ le s s  /suitable : fo r  standard isa tion , ' / / ' ."
4) ,. provides le s s  effeciivo/paDoagoifor •
' entraincct .solido*;
• 'Tlruc; i n 'a l l  respects ;• except; on:.* the eccen tric-.o rifice  is  . superior 
/ . to - t i e  sop innbfl, one he a flow noasw ir;; device. The .one exception
io : th a t . the' Segmental'p la tc  provides a-m ore-effective passage ■
•for entrained so lid s , This is  c le a rly  a /v ita l  fea tu re  'since tho so le ' 
.reason fo r  using an eccen tric  .device is  to prevent e r ro r s , i n .the - , :;. 
noasiir eme-ut of flew , ; through accumulation of so lid s  upstream /of the" / v ■; . 
•'plate. ,In  extremepeases th e -e rro rs  resu ltin g  fros p a r t ia l  blockage ; 
in  an o cec rrric -p la te  ten Id' 'more of feet a ll ' the ■ ndvantdg.eaZ'-Cf -th is  r
.-typo- over'tho  a egrx-nlnl. o r if ic e .. •
-' Tho. conclusion which can be cravr from th is  in v estig a tio n  Isg th a t 
-the ' ccoo"'trie o rif ic e  .plate givco/noro accurate re su lts  in  lo s t / in d u s t r i a l  
- /apalicationa r < c t  in . these coles-' where th e  Disc of p a r t ic le s  i n ' . 
■y.rtm.f:}jo:i:zioB,s" or •'extremely lov/'velociiy  of .-flow, -would cause oa'builc-iip of 
. so lid s on- -the upstream face 'o f tho p la te ;
A iVijcu _ '* of the .in vestiga tion  was devote'3 to  assessing th.c 
■■Influence.el -* o ' roughness.;on.the accuracy of flow noasurenout in  
Bcgnerfal orlficQ  p la tc sk  ... The/.effect of pi; c roughness.is to reduce,
£or a  riven  flcw rate, the. pressure' d ifference across the. o r if ic e ,  ‘liras 
un less-a. correction  io applied ' the flcamefer..’ w ill  /give a low 'reading . /
•^Please note. Idiot' tho Investigation.A 'as. concerned with the  e ffe c t of-. "/ 
pipe roughness on the accuracy of 'flow moanurement: and not ..with the  more'-•■/' 
' more usual study of the influence • of, rourhneos / on -'pipe' cap&city*
.Such-.a correction, fac to r i s  a  'function-, of only two parameters i - -re la tive
t) ' ; ■ ■ ; -V '
pipe roughness-{~/k) and:■orifice."ares.ratio '.(a)* Ho sign ifican t. Reynolds
'r - ■ €*'
lumber, e ffec t has been observed within'.the te s te d  range o f  R  ^ ~ :10*3 8 ' s  10
'. An equation ' has been .demised' f o r . calcu la ting  the co rrec tio n -fac to r -(r^):**- 
t s  = 1»0319^"0l7649 lo e ( r>A)>' 0 -093895® -  0-01256S ci l o g ( B/:«)
ii comparison of-roughness correction  fac to rs-fo r segmental'-plates with' - 
thosc fo r  co n cen trie -o rifices  sho^s th a t the influence, of pipe roughness 
on tho f l o r e t  ©ring accuracy i s  - o f ' th e ' same order", i n  .both ty p e s . .
■ ■ ; From the' standpoint of - in d u s tr ia l 'f lo m eterin g  i t . - should' bo. s tre ssed  
th a t the maximum e rro r  .-duo.- to- roughness tr i l l  ra re ly  exceed' 5^4 .. Consequently
i t  can be neglected in  in s ta l la t io n s  where. accuracy i s  not o f primary ; ■
im portance.-
. ■ Srroro a ris in g  from' assym eii^e& l' v e lo c ity  d is tr ib u tio n  trere .c&eo 
.studied,, fhece were caused by th e -in te rp o s itio n  of a. bend upstream -of. both 
■segmental and e c c e n tr ic . o r if ic e  p la te s . ' Tho e ffe c t o f such - ve loc ity '’'p ro f i le s  
i s  t o  increase,- fo r a given r a t e  o f flow, the  p ro c u re  d ifference - ac ro ss  •
"•the ’ o r if ic e  p la te  unless a correction-.is "applied 'the "flowmeter t r i l l  give a  
h igh■ reading* fheso correction  -fac to rs.are. a..function, p r in c ip a lly , of- 
the distance of the o rifice-from  th e  .-bend, as m  11 as of the"-area'.’r a t i o , . 
have, boon'-found’ to  be of the sane order in  both eccentric, and concentric 
o r if ic e s . -
fho main' fiiuange in  .th is  aspect .of .th e  in v estig a tio n  wore th a t e rro rs  
of up ,to :0 j^ -in  the flow re^diig  can be,incurred  by neglecting  the e f fe c t  
of a. bend and- that,:, on aver™go7 ..at : le a s t  50 diameters of s tra ig h t  p ipe a re  -
*Ae tabu lated  in  ISO-standard S*541 (th ese  were .o rig in a lly  based on th e  'OH . 
standard -but were subsequently modified in  the  'l ig h t of l a t e r  work carried
out b y  the w rite r ) . "'
. are required’ toveliminate .this -erro* cl+ogother. At the same time the 
t e s t  re s u lts  she* th a t these e rro rs  '■ ill be re la tiv e ly  small unless the 
o r if ic e  'p la te  i s  located-w ith in  10'- d im eters o f-the .bend* .,$his fea tu re  
■■won Id .be :of -particu lar, in te re s t  in  in d u s tr ia l app lications, where i t  i s  
ra re ly  possib le  to', s a t is f y ‘/the Id e a l  requirements* •■
’- '• . 5?ho problem'' of. irrecoverab le ' p ressure  lo ss  /has a lso  been investiga ted  ;
and the  fo llow ing’formula fo r  its ;e s tim a tio n ' developed
/ ; - { 1  -  m )-■ :H x 100; . "
w hore.// hp"» percentage .irrecoverable ..head lo ss
/  ■■/':'  ^v: /". ■- ,/A -/-. in  consistent;/
- --,.H; «s d ifferen tia l head across o r if ic e  ) ■
/  ) - u n its
.n  s= o r if ic e .a re a  ra t io  ,’■"'/
;■•’/•• Che above 'equation i s  ••valid "in tho. area  ra t io  .range, a' *» '0*4 r. 0*6, but
a t  h igher values-of the  area  ra t io  the  actual lo ss  -is  "sm aller by/2~ -than
th a t calcu lated  from-the form ula,,
-•'In general the .non-concentric o r ifice s  .have the same - irrecoverable./ /
p ressu re  lo ss  as the  concentric 'ones#. Some very small v a ria tio n s  a t  -the 
•extremes of the  area ra t io  "range, /are of. l i t t l e "  p ra c tic a l s ig n ifican ce  in-.-: 
re la tio n  t o . the very -'large.•■prcsisure ’lo s s ’/ihcurredqin a l l  types o f 'o rifice , ■
. p l a t e s * A- . "  A;-AA-- AAA A. /’---'V
.. Perhaps ‘tho most important' sing le  feature... in  tho in s ta l la t io n  o f - 
non-concentr i c  o r if ic e  plates i s  th e  circum feroiitial d isp o s itio n  o f the-,;.: 
tappings in  re la tio n  to'-the-plat© o r if ic e . Idea lly -tho  pressure "tappings-- 
should be displaced-:by 180° from the  centre  l in e  of the p la te  o r i f ic e ,
.i*e, d iam etrica lly  opposite. A ll discharge -coefficient'-values in  th i s  
work are based on "such ’ disposition. . .. ..
I f  the pressure tap p in g s: a re  in s ta l le d  on the name side as th e  p la te  
■opening then e rro rs  .of .up. to 100/- in  the flow-, reading w ill.b e  incurred*.-...'' 
(However ro ta tin g  the  -tappings'.by only 90° from the ideal p o s itio n  would. 
re s u lt  in  an e rro r  of not more than 2h,
Since ■ the p la te  o r if ic e  is" nearly  always; e i th e r ' a t th e  to p .o r  at. the  
bottom, of the .p ip e ,. p lacing the b a k in g s  d iam etrically  opposite nay cause 
• other.-problems': ,. a ir-en tra in /ien t i f  tappings are  a t  the very top , or 
blockage by d i r t  .’ when th ey . a r c ' a t the bottom of. .the p ip e . ..
q
In  ouch cases i t  isp e rm is s ib le  to rotate;''the-.tappings-by.--30 from 
the v e rtica l ' centre -line of the :pipe. without' the r isk  .'of. in cu rrin g  a 
noticeable H t srlng -error, :■
In general* the re su lts ' obtnjjiod in  th is  work on 'eccentric orifice 
p la tos are in  close agreement with ’Beit lor- and best, .(who have been) the; 
two principal researches in th is  -field.; In the case of segmental orifice 
plates the results obtained by the writer-agree well with those obtained 
by Loimarr am witte.. Beitler’s results, however, are ;s ig n if ic a n tly  
different , from other researches, the divergence exceeding 77-v : -he most 
1'ikoiy orplanation ■ fo r ’.-this" &iv erg once l i e s ' in  • the  s lig h t difference in  "' 
the design of tbs orifices. .; - v.V' ■
: ';liith.the addition  of . comprehensive data iron th is  investigation ., 
i t  will now be possible to  d raft both a national and an-international : 
standard ..on the: use of eccentric o r if ic e  p la te s - fo r  flow measurement*
. However, there is . as yet no comparable" confidence, in  the v a lid ity : 
of the data; on. sopieatal-. o r if ic e  p la te s , ': Ilore work w ill have to  bo 
completed before a- re l ia b le  - standard could be drafted .
,3?he whole subject ..of non-standard flow .measurement, although of 
increasing  concern, ' is" s t i l l  not fu l ly  understood in  induotiy , I t  is  
hoped, above a l l ,  that" 'th is worky in .ad d itio n  to  providing u sefu l data, 
has thrown new lig h t, on th is  seriously  neglected aspect o f ' flow measurement.
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: PROQRAtf  N O .  ; S M S f  —  MULT I - D i  HEN S i  QNAL R E S T  r  I I
SETV W ( 1 0 0 0 ) U ( 2 ) E ( 3 0 0 0 )
SETS P ( 2 ) V ( 3 0 ) l  ( 4 ) N ( 7 0 ) M ;
SETF I NT SQRT . : !
SETR 4> .
4 )  RE AD NbO::  ' NO. OF SETS OF VALUES
VARY N = 1 : 1 : No 0
READ ZN: : O VALUES OF Y
REPEAT M
READ N1 : :
VARY N = 2 : 1 :N1 
READ N N : :
REPEAT M
13 = 0  
11=0
5 ) 1 3 = 1 3 + 1  
1 =  1 + 1  
u i = i .
12=1 
N 3 1=1 
N 3 0 = 0  
N = 1  .
2 ) READ W: :
N31=N3 1 + N30 
CHECK N31 
N 3 0 = N (  r l +  1 )  * i V31 
CHECK i-ijO 
SU3R 1
JUMP IF M=N103 
M=H+ 1 
JUMP -02
3 )  JUMP IF I 3=N60O6  
JUMP IF 11=1
1-1=1 
No 1 = 1
J JMP- UNLESS Nb OANb 1 0.15 
JUMP 05
6 ) i=N60+1 - 
V A R Y  H = 1 : 1 : N b 1  
VARY N=i’i : Mb 1:  No 0
ZI=lvN 
GfiECK 1
CnECK N 0
CHECK. Z I 
1 =  1 +  1
10 ) REPEAT N 
1 1 ) REPEAT M
SU3R o
VALUES OF X FOR EACH Y VALUE
NO. OF DI Mt-NSI QMS 
H IQ HE ST DEQREE ''OF EACH DIMENSION
1t> ) VAi i Y I = 0: 0: 3 0 
OUTPUI. 0 
A hi >E A I I 
V A iff i --O': Q: 2 0  
OUTPUT 31 
I >n PE AT 1 
VARY 1 ='0 : 0 • b 0 
i OUTPUT 0 
,■ REPEAT i
STOP
;9)READ N60 ;
'READ Kb1 
■SUSP 7 P 
.JUMP 015
1 ) VARY N= 1 2 • 1 • M30 
1 = 1 + 1
V,-! =  i»; *  U N 
OiiEuK 1 
U ML 0 K 1; 1 
RE Rc. A1 i'-i 
EX 1 i
7 ) p o = o
V1 = N o 0
V2= 1 • '
UG=« 001
SU3R 16:  : READS1 (Q: NbO, 1-* - 0 0 0 0 1  )
P0=NbG 
V1=Nb0
V 2= M b 1
SUBR 1 7 : :  READS2(Nb0 : NbO, N b 1)
6 ) N 6 2 = N b 0 * N b 1 
No 2= Mb 2 + Mb 0:
PQ=Nb2 1
P 1=i'ioO
V’1=M oO
V 2=s,*b 1 -
SU3R 1 b : :  "l RANSP(N62 > ^bO: No Q 5 No 1 )
Mb3 =bb 0*M6 1
N o 3 = b b 3 + bb2
P0=bb 3
P1=N62
P2=No0
V1 = Mo 1
V2=NoO
V3=Md 1 ; ■
SJ 3 R 13:  : MULT ( Nb 3 * bb 2 > bb 0 : '•';61, Mb 0* N 6
SUBR 2 0 : :  INVERT
No 4=N6 1 *Nb 1
I \ o4=Nb4+N63
P0=N64
P1=N62
P2 =0
V1=N61
V2=N60
3/3  = 1 r ..........................
p q =ng5
P1 = i i O ' j  
P2=Nb4  
V1=Nb1 
V2=i\b1 
V3=1
SU3R • 19:  : MULT ( n£>5 > Mb 3 ,  Mb4: ><61 , Mb 1 , 1)
Mbb=M65+ M61
PO=Mbb
P1=M63
V1 =Nb1
V2=Mb1
3U3R 2 2 :  : Dl AC1ON( M66 , M‘b3 :  K61 , Mb1 )
Mb 7 = Mbo + ivib 1'
P O = M o/
P1=MbO 
P2=M65 
V1 =Mb 0 
V2=Nb1 
V3 = 1
3UBR 1 9 :  MULT ( N6/. , N 6 0 ,  N65 •* MbO, N 6 1 , 1)
M6b=M67+MbO
P0=M6b
P1=N67 ■
P2=0  
}/1 =Mb 0 
V2=1
SUBR 23-*: . SULB( N68 , No/. , 0:  Mo 0,  1)
TITLE
ERROR MATRIX . .
,P0=MbS
Y1=MbO '
V2=1 
Y3=0 
' V 4=5
SU3R 2 4 : :  OUTU1 ( N 6 3 : MSG, 1,  0 ,  5 )
L i M d, S 5 ■
Mb9=Mob+M6 0
P0=M69
P1=Nbo
V1=N60
V2=1
SUBR 2 5 : :  0QPY( M69 , Mob: MbO, 1)
M70=Nb9+Mb0 . V . '
P 0=N70  '
PI=Mqb 
P2=M69- 
y 1=1 
,Y2=N6 0
SUBR 2 6 : : .  MULTDI ( N70 ,  Nb8 , N69-* 1 >M60)  
TITLE
ERROR SUM OF SQUARES^
Z = 0
•VARY N=;'-i7 0:  1: NbQ 
Z=Z+ L ( i'i+ 1 )
REPEAT M 
PRIMT Z , 5  
LIME
M =ix*b 0“ Mb 1 
l;i=ST AND M i  
Z=Z/lv 
2=SQRT Z :
T JTLE
STAMDARD ERROR OF ESTI MATE OF Y =
PRINT Z, 5 /
L i ME
n = 0
k=Z
VARY N=Nb3 • "1: ‘v‘b 1 
I =k-k,ol 
Z=SQRT !Z ( I +1 ) 
Z=Z/ Z(  N + -] )
Z — I; Z 
LIRE
SPACES o ,
TITLE N= ' ;
PRINT H , 2
[SPACES 5 •
/PRINT Z(N + 1 ) , 5 /  
SPACES 4 
PRINT Z,5
M=ji+1 ■
REPEAT N :
LINES 5
EXIT
1 2 ) READ N30  
READ N31 
P0=C
■VI = N6 0 
V2=Nb1+1 
M3=N30 
V4=N3i
SU3R 3 7 : :  D E L E T E ( 0 : . i 6 0 , N 6 l + 1 , R 3 0 , N 3 l )
JUMP IF N'31 = 0'C14 •
:Nb1=Nb1“ 1
1 4 ) JUMP IF N30=0C13 
NbO=NbO“ 1
1 3 )  WAIT
VARY M=N60J M60i  Mb 1 
VARY N=M: 1: Nb 0 "
L I NE
PRINT Z ( M + 1 ) , 3  
Hr.PEAT N 
LINES 2 
REPEAT M
3 o ) S U 3 R  3 
JUMP @15 '
3 3 ) READ Nb 0 
READ No 1 
N30=Nb1+1 
V A R Y M = 0 •* N 6 0 •* N 3 0 
VARY N=M: 1 : Nb0 
RE A D Z ( is +1 ) 
REPEAT N 
REPEAT M
JUMP C?3b
c\j o- .+
C  ' v -
T -  COi: ,'0 o-o Lij ; n
n o  w r o ;:o . Vui -vo* o  cr — ■■■■o r- n  ■ ■ vi) i o  v-
 ,  00 r - .Q . .— 3  >- 0  < S  i- &  c r  2  CJ E  (J  H  ^  U  E  — n  1< ■':<■ >.■11 '* "1— — c i c !\ <  ; :■ •■; •• Ld
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